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Abstract	  
	  
Photovoltaic	   modules	   are	   under	   active	   consideration	   as	   a	   major	   contributor	   to	   future	   energy	  
requirements.	  Coupled	  with	  an	  electrolyzer,	  this	  energy	  system	  converts	  energy	  harvested	  from	  the	  sun	  
into	   chemical	   power.	   As	   the	   demand	   for	   a	   sustainable	   yet	   efficient	   and	   cost	   effective	   approach	   of	  
producing	  hydrogen	  increases,	  researchers	  are	  seeking	  ways	  to	  improve	  the	  technology	  of	  forming	  solar	  
fuel.	  Mimicking	   the	   idea	   of	   how	   nature	   collects	   and	   stores	   solar	   energy	   in	   chemicals	   bonds	   through	  
photosynthesis,	   economically	   viable	   water	   splitting	   cells	   capable	   of	   splitting	   water	   directly	   at	   the	  
semiconductor	  surface	  are	  being	  developed.	  The	  catalytic	  semiconductor	  is	  designed	  to	  be	  both	  a	  light	  
absorber	   and	   an	   energy	   converter	   to	   store	   solar	   energy	   in	   the	   simplest	   chemical	   bond,	   H2,	   thereby	  
eradicating	  significant	  fabrication	  and	  system	  costs	  involved	  with	  the	  use	  of	  separate	  electrolyzers	  wired	  
to	  photovoltaic	  cells.	  
	  
In	   this	  work,	  water-­‐splitting	  materials	  have	  been	  designed	   to	  consist	  of	  multi-­‐component	  nanorods	  of	  
titanium	   dioxide	   and	   platinum	  with	  well-­‐defined	   nanostructures	   to	   function	   as	   photocatalytic	   cell	   for	  
hydrogen	   production.	   As	   the	   TiO2-­‐Pt	   nanorods	   are	   irradiated	   with	   light	   in	   the	   presence	   of	   a	   water	  
source,	  oxygen	  and	  hydrogen	  are	  evolved	  at	  the	  anode	  TiO2	  and	  cathode	  Pt	  segments	  of	  the	  nanorods	  
respectively.	   The	   alternating	   segments	   of	   TiO2	   semiconductor	   and	   Pt	  metal	   enable	   the	   control	   of	   the	  
direction	   of	   charge	   movement	   and	   light	   absorption	   pathways	   in	   the	   material,	   thereby	   presenting	   a	  
solution	  to	  improving	  the	  overall	  efficiency	  of	  photocatalytic	  hydrogen	  production.	  
	  
By	  employing	  templated	  electrodeposition,	  homogeneous	  multi-­‐segmented	  TiO2/Pt	  nanorods	  have	  been	  
successfully	   fabricated	   in	   anodic	   aluminium	  oxide	  membrane	   (AAM).	   This	   simple	  method	  of	   synthesis	  
permits	   an	   easier	   control	   of	   the	   position	   and	   composition	   of	   TiO2	   and	   Pt	   along	   the	   length	   of	   the	  
nanorods,	  which	  allows	  for	  a	  customizable	  and	  highly	  reproducible	  method	  of	  obtaining	  segmented	  rods	  
with	   uniformly	   distributed	   active	   sites	   for	   efficient	   catalytic	   activity.	   The	   morphology	   and	   material	  
composition	   of	   the	   as-­‐prepared	   Pt-­‐TiO2	   multi-­‐segmented	   nanorods	   were	   characterized	   using	   the	  
scanning	  electron	  microscope	  (SEM),	  transmission	  electron	  microscope	  (TEM)	  and	  the	  x-­‐ray	  diffraction	  
(XRD);	  and	  the	  photocatalytic	  properties	  of	  these	  multi-­‐segmented	  TiO2/Pt	  nanorods	  are	  then	  examined	  
by	  carrying	  out	  absorption	  studies	  using	  Rhodamine	  B	  (RhB).	  	  
	  
Two	   different	   Ti	   precursors,	   TiOSO4	   and	   TiCl3	   were	   employed	   in	   the	   successful	   fabrication	   of	   TiO2	  
nanorod	   segments.	  High	   potentiostatic	   conditions	   of	   -­‐1.2	  V	   (vs.	   3	  M	  Ag/AgCl)	   using	   TiOSO4	   precursor	  
resulted	   in	   TiO2	   nanorods,	   but	   at	   the	   same	   time	   had	   promoted	   hydrogen	   evolution,	   which	   made	   it	  
challenging	  for	  TiO2	  nanorods	  to	  be	  deposited	  onto	  noble	  metal	  surfaces	  such	  as	  Pt;	  while	  lowering	  the	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potentiostatic	  voltages	  resulted	  in	  the	  growth	  of	  TiO2	  nanotubes.	  Cyclic	  voltammetry	  and	  chemical	  tests	  
were	  carried	  out	  to	  determine	  the	  detailed	  mechanisms	  of	  their	  respective	  growth,	  and	  the	  difference	  in	  
the	  formation	  of	  TiO2	  nanorods	  and	  nanotubes	  was	  attributed	  to	  be	  the	  regeneration	  of	  high	  amounts	  
of	   NO3-­‐	   species	   occurring	   at	   more	   negative	   deposition	   voltages.	   Using	   TiCl3,	   a	   protocol	   has	   been	  
developed	  for	  the	  electrodeposition	  of	  TiO2	  nanorods,	  which	  involved	  a	  low	  deposition	  voltage	  of	  -­‐0.1	  V	  
(vs.	  1	  M	  Ag/AgCl)	  that	  would	  facilitate	  the	  deposition	  of	  TiO2	  on	  noble	  metals	  such	  as	  Pt.	  This	  protocol	  
allows	   both	   the	   flexibility	   of	   preparing	   TiCl3	   precursor	   solution	   and	   the	   electrodeposition	   of	   TiO2	  
nanorods	  to	  be	  carried	  out	  at	  ambient	  conditions.	  	  
	  
In	  the	  presence	  of	  TiO2/Pt	  nanorods,	  RhB	  degradation	  studies	  reveal	  several	  pertinent	  characteristics	  of	  
the	   photoactivities	   of	   the	   TiO2/Pt	   nanostructures,	   where	   nanostructural	   morphology,	   addition	   of	   Pt	  
metal	   and	   TiO2/Pt	   interfaces	   were	   found	   to	   enhance	   TiO2	   photoactivity.	   The	   effects	   of	   varying	   TiO2	  
length	   segments	   of	   Pt-­‐TiO2	   nanorods	  on	   the	  photoactivities	   of	   TiO2/Pt	   nanorods	   reveal	   an	   interesting	  
trend,	   demonstrating	   an	   interplay	   between	   light	   absorption	   and	   the	   amount	   of	   light	   reaching	   the	  
TiO2/Pt	   interface.	   Lastly,	   differences	   in	   the	   orientation	   of	   bi-­‐segmented	   TiO2/Pt	   nanorods	   to	   the	   light	  
source	  are	  presented,	  which	  may	  be	  useful	  in	  any	  future	  work	  on	  the	  investigation	  of	  the	  photoactivities	  
of	  nanostructure	  arrays.	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AAM:	  anodic	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  backscattered	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O2:	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ORR:	  oxygen	  reduction	  reaction	  	  
Pt:	  platinum	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  4-­‐3.	   (i)	  Plot	  of	  TiO2	  nanorods	  with	  varying	  experimental	   lengths	   (N=100)	  electrodeposited	   from	  
pH	  3	  aqueous	  solution	  of	  TiOSO4	  under	  varying	  deposition	  times	  of	  a)	  1	  h,	  b)	  2	  h,	  c)	  3h,	  and	  d)	  5	  h;	  insets	  
(a),	  (b),	  (c),	  (d)	  showing	  corresponding	  SEM	  images	  of	  TiO2	  nanorods	  at	  1	  h,	  2	  h,	  3	  h	  and	  5	  h	  respectively;	  
(ii)	  plot	  derived	  from	  current-­‐time	  plots	  
	  
Figure	  4-­‐4.	  Current-­‐time	  plots	  of	  TiO2	  nanorod	  deposition	  into	  AAM	  from	  TiOSO4	  precursor	  at	  -­‐1.2	  V	  for	  
A)	  1	  h,	  B)	  2	  h,	  c)	  3	  h,	  and	  d)	  5	  h	  (inclusive	  of	  an	  overvoltage	  of	  -­‐1.4	  V/20	  s),	  with	  a	  total	  charge	  passed	  of	  
3.14	  C,	  5.39	  C,	  8.02	  C	  and	  11.99	  C	  respectively	  
	  
Figure	  4-­‐5.	  A)	  High	  Temperature	  XRD	  (HTXRD)	  patterns	  of	  TiO2	  nanorods	  electrodeposited	  from	  TiOSO4	  
annealed	   in-­‐situ	   from	   25	   to	   600	   oC,	   B)	   XRD	   pattern	   of	   TiO2	   nanorods	   deposited	   on	   Si	   substrate	   after	  
annealing	  in	  air	  at	  600	  oC	  (“A”	  , and	  Si	  indicate	  peaks	  of	  TiO2	  anatase,	  Au	  and	  Si	  substrate	  respectively)	  
	  
Figure	  4-­‐6.	  CV	  curves	  (v=20	  mV	  s-­‐1)	  at	  (A)	  Ag	  flat	  electrode	  and	  AAM	  (Area=0.80	  cm2)	  in	  aqueous	  KNO3	  
solutions	   of	   pH	   3;	   (B)	   at	   AAM	   (Area=0.80	   cm2)	   in	   pH	   3	   aqueous	   solution	   of	   KNO3+H2O2	   and	   TiOSO4+	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KNO3+H2O2.	   Regimes	   of	   potentials	   within	   -­‐1.4	   V	   to	   -­‐1.0	   V	   and	   -­‐1.0	   V	   to	   -­‐0.3	   V	   as	   indicated	   above	  
represent	  possible	  formation	  of	  TiO2	  nanorods	  and	  nanotubes	  respectively.	  
	   	  
Figure	  4-­‐7.	  Schematic	  diagram	  illustrating	  nucleation	  of	  TiO2	  sites	  along	  pore	  walls	  of	  AAM	  (step	  1	  to	  3);	  
growth	   of	   TiO2	   nanorods	   via	   route	   (i)	   steps	   4	   to	   6	   from	   regeneration	   of	   NO3
-­‐	   from	   re-­‐oxidation	   of	  
reduced	   NO2
-­‐	   and	   TiO2	   nanotubes	   via	   (ii)	   steps	   4	   to	   5	   confined	   around	   the	   pore	   walls	   from	   limited	  
reduction	  rates	  NO3
-­‐	  
	  
Figure	  4-­‐8.	  SEM	  images	  of	  TiO2	  nanotubes	  deposited	  nanotubes	  deposited	  from	  a	  voltage	  step	  of	  (A)	  [-­‐
0.9	  V/20s,	  -­‐0.7	  V/10800	  s]	  and	  (B)	  [-­‐0.5	  V/20s,	  -­‐0.3	  V/10800s]	  where	  corresponding	  inset	  shows	  varying	  
average	  wall	  thickness	  (Nx=20)	  denoted	  by	  Xave,0.7	  and	  Xave,0.3	  respectively.	  
	  
Figure	   4-­‐9.	   SEM	   images	   of	   TiO2	   nanostructures	   deposited	   from	  a	   voltage	   step	   of	   A)	   [-­‐1.4	   V/	   20s,	   -­‐0.7	  
V/3580	   s]	   with	   average	   wall	   thickness	   (NX=20)	   denoted	   by	   Xave1)	   and	   B)	   [-­‐0.9	   V/	   20s,	   -­‐1.2	   V/3580	   s];	  
corresponding	  insets	  show	  magnified	  TiO2	  nanostructures	  
	  
Figure	  4-­‐10.	  Schematic	  illustration	  of	  A)	  formation	  of	  thick-­‐walled	  TiO2	  nanotubes	  at	  deposition	  voltages	  
of	  [-­‐1.4	  V/	  20s,	  -­‐0.7	  V/3580	  s],	  and	  B)	  irregular	  TiO2	  nanostructures	  at	  deposition	  voltages	  of	  [-­‐0.9	  V/	  20s,	  
-­‐1.2	  V/3580	  s]	  
	  
Figure	  4-­‐11.	  (a)	  SEM	  image	  showing	  gaps	  between	  segments	  of	  TiO2	  electrodeposited	  from	  TiOSO4	  and	  
Pt	  in	  AAM	  illustrated	  by	  schematic	  diagrams	  (b)	  and	  (c)	  
	  
Figure	   4-­‐12.	   SEM	   images	   A)	   5	   k	   and	   B)	   15	   k	   magnification	   of	   free-­‐standing	   TiO2	   nanorods	  
electrodeposited	  on	  Pt	  nanorods	  using	  powder	  TiCl3	  powder	  as	  a	  starting	  material.	  TiO2	  nanorods	  were	  
deposited	  at	  -­‐0.1	  V	  for	  2	  h.	  
	   	  
Figure	  4-­‐13.	   (i)	  Plot	  of	  experimental	   lengths	  TiO2	  nanorods	  electrodeposited	   from	  aqueous	  solution	  of	  
TiCl3	  against	  total	  charge	  passed;	  (ii)	  plot	  derived	  from	  current-­‐time	  plots	  	  
	  
Figure	  4-­‐14.	  Deposition	  transients	  showing	  varying	  total	  charge	  passed	  A)	  0.93	  C,	  B)	  2.77	  C,	  C)	  3.31	  C,	  D)	  
6.36	  C	  under	  constant	  deposition	  voltage	  of	  -­‐0.2	  V	  from	  TiCl3	  precursor,	  to	  achieve	  varying	  amounts	  of	  
TiO2	  deposition	  within	  porous	  AAM	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Figure	   4-­‐15.	   A	   top	   view	   SEM	   image	  of	   free-­‐standing	   TiO2	   nanorods	   electrodeposited	   at	   -­‐0.2	  V	   from	  a	  
TiCl3	   precursor	  bath	   solution	  prepared	   from	  TiCl3	   solution	   reagent.	   Inset	   shows	  a	  magnified	   side-­‐view	  
SEM	  image	  of	  the	  corresponding	  TiO2	  nanorods.	  
	  
Figure	  4-­‐16.	  Multiple	  plots	  of	  XRD	  patterns	  of	  TiO2	  films	  electrodeposited	  from	  TiCl3	  obtained	  at	  various	  
temperatures	  from	  25	  to	  600	  oC	  (“A”	  and	  “R”	  indicates	  TiO2	  anatase	  and	  rutile	  peaks	  respectively)	  
	  
Figure	   4-­‐17.	   SEM	   images	   of	   TiO2/Pt	   nanostructures	   consisting	   of	   TiO2	   electrodeposited	   from	   TiCl3	  
electrolyte	  obtained	  at	  pH	  range	  of	  (a)	  1.3-­‐1.8	  (b)	  1.9-­‐2.5	  
	  
Figure	  4-­‐18.	  Schematic	  illustration	  of	  the	  (i)	  formation	  of	  dense	  TiO2	  nanostructures	  from	  Ti
3+	  precursor	  
solution	  of	  pH	  1.9	  to	  2.5;	  (ii)	  formation	  of	  highly	  porous	  TiO2	  nanostructures	  from	  Ti
3+	  precursor	  solution	  
of	  pH	  1.2	  to	  1.8	  
	  
Figure	  4-­‐19.	  CV	  curves	  (v=20	  m/s)	  at	  AAM	  (Area=0.8	  cm2)	  in	  aqueous	  TiCl3	  precursor	  solutions	  of	  A)	  pH	  2,	  
B)	  pH	  1.5	  and	  C)	  pH	  1.3	  at	  20	  oC	  
	  
Figure	  4-­‐20.	  Backscattered	  SEM	  images	  of	  morphology	  of	  TiO2-­‐Pt	  nanostructures	  deposited	  at	  (A)	  -­‐0.1	  V	  
(B)	  -­‐0.2	  V	  (C)	  -­‐0.3	  V	  (D)	  -­‐0.4	  V	  from	  TiCl3	  precursor	  at	  pH	  2;	  inset	  in	  D	  shows	  a	  high	  magnification	  of	  Pt-­‐
TiO2-­‐core-­‐shell	  structure	  	  
	  
Figure	  4-­‐21.	  Schematic	  diagram	  relating	  the	  rate	  of	  the	  TiOH2+	  oxidation	  and	  anodic	  current	  densities	  to	  
the	   growth	   of	   TiO2	   in	   the	   AAM	   at	   deposition	   potentials	   of	   (a)	   -­‐0.2	   V,	   (b)	   -­‐0.3	   V,	   (c)	   -­‐0.4	   V	   and	   the	  
respective	  TiO2	  nanostructures	  achieved	  	  
	  
Figure	  4-­‐22.	  Schematic	  diagram	  illustrating	  (A)	  dense	  TiO2	  nanorod	  consisting	  of	  uniform	  particles	  as	  a	  
result	  of	   smooth	  and	  moderate	  TiO2	  grain	  growth	  at	  deposition	  potentials	  of	   -­‐0.2	  V,	   (B)	  highly	  porous	  
TiO2	   nanorod	   consisting	   of	   particles	   with	   large	   size	   distribution	   resulting	   from	   rapid	   and	   coarse	   TiO2	  
“particle”	   growth	   at	   -­‐0.1	   V	   (high	   current	   densities);	   Pt	   provides	   a	   contrast	   in	   the	   porosity	   of	   TiO2	  
nanorods	  in	  (A)	  and	  (B)	  
	  
Chapter	  5:	  Templated	  Electro-­‐deposition	  of	  Segmented	  Nanostructures	  of	  TiO2	  and	  Pt	  
	  
Figure	   5-­‐1.	   General	   scheme	   for	   the	   fabrication	   of	  multi-­‐segmented	   1-­‐D	   nanostructures	   by	   templated	  
sequential	  electrodeposition	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Figure	  5-­‐2.	  Backscattered	  SEM	  images	  of	  a)	  TiO2-­‐Pt,	  b)	  TiO2-­‐Pt-­‐TiO2,	  c)	  Pt-­‐TiO2-­‐Pt-­‐TiO2	  nanorod	  arrays	  on	  
a	  150	  nm	  thick	  layer	  of	  Ag	  
	  
Figure	  5-­‐3.	  Top-­‐view	  SEM	  image	  of	  ‘islands’	  of	  free-­‐standing	  3-­‐segment	  Pt-­‐TiO2-­‐Pt	  nanorods	  on	  3	  µm	  
thick	  Ag	  film;	  inset	  shows	  10X	  magnification	  of	  a	  single	  ‘island’	  
	  
Figure	   5-­‐4.	   SEM	   images	   of	   a	   TiO2-­‐Pt	   nanorod	   at	  magnification	   of	   (a)	   55K	   (b)	   170	   K	   and	   TEM	   images	  
showing	  (c)	  TiO2-­‐Pt	  nanorod;	  (d)	  diffused	  junction	  between	  TiO2	  and	  Pt	  segments	  
	  
Figure	  5-­‐5.	  A)	  TEM	  image	  of	  a	  three-­‐segmented	  Pt-­‐TiO2-­‐Pt	  nanorod	  indicating	  the	  multiple	  point	  scans	  (1	  
to	   9)	   along	   its	   length.	   Pt(i)	   indicates	   Pt	   segment	   that	  was	   deposited	   as	   a	   first	   layer,	   and	   Pt(ii)	   as	   the	  
second	  Pt	   segment.	   Inset	   shows	  elemental	  mapping	  of	  Pt,	  Ti	  and	  O	  of	   the	  Pt-­‐TiO2-­‐Pt	  nanorod.	  B)	  Plot	  
showing	  the	  variation	  of	  %	  volume	  of	  Pt	  and	  TiO2	  and	  %	  volume	  ratio	  of	  TiO2/Pt	  across	  the	  length	  of	  the	  
Pt-­‐TiO2-­‐Pt	  nanorod	  
	  
Figure	   5-­‐6.	   Schematic	   representation	   of	   the	   difference	   between	   the	   interfaces	   of	   Pt(i)/TiO2	   and	  
TiO2/Pt(ii)	  as	  observed	  from	  the	  TEM	  image	  of	  a	  Pt-­‐TiO2-­‐Pt	  nanarod	  
	  
Figure	  5-­‐7.	  (a)	  Backscattered	  SEM	  images	  of	  (a)	  Pt-­‐TiO2-­‐Pt	  nanorods	  (b)	  current	  density-­‐time	  plot	  of	  (i)	  
first	  and	  (ii)	  second	  Pt	  electrodeposition;	  inset	  schematic	  diagram	  illustrating	  Pt	  deposition	  on	  (i)	  Ag	  and	  
(ii)	  TiO2	  
	  
Figure	  5-­‐8.	  Backscattered	  SEM	  Images	  of	  A)	  3-­‐segment	  TiO2-­‐Pt-­‐	  TiO2	  nanorods	  showing	  a	  clear	  contrast	  
between	  the	  first	  TiO2	  segment	  with	  some	  diffused	  Pt	  (denoted	  by	  *TiO2)	  and	  third	  TiO2	  segment	  with	  
no	  diffused	  Pt	  (denoted	  by	  TiO2);	  B)	  3-­‐segment	  unannealed	  Pt-­‐TiO2-­‐Pt	  nanorods	  with	  some	  Pt	  diffusion	  
into	  second	  TiO2	  segment;	  C)	  increased	  Pt	  diffusion	  into	  second	  TiO2	  segment	  after	  thermal	  treatment	  at	  
600	  oC	  in	  air	  
	  
Figure	   5-­‐9.	   Schematic	   illustration	  demonstrating	   the	   growth	  of	   Pt	  within	   the	  porous	   nanostructure	  of	  
TiO2	  and	  the	  possibility	  of	  electrodepositing	  Pt	  onto	  amorphous	  TiO2	  
	  
Figure	  5-­‐10.	  Schematic	  illustration	  of	  the	  cross-­‐section	  view	  of	  A)	  unannealed	  AAM,	  B)	  contortion	  of	  the	  
AAM	  resulting	  from	  annealing	  at	  600	  oC,	  and	  C)	  possible	  damage	  to	  the	  AAM	  as	  it	  is	  being	  placed	  under	  
the	  cell	  prior	  to	  electrodeposition	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Figure	  5-­‐11.	  SEM	  images	  of	  free-­‐standing	  A)	  unannealed	  TiO2	  nanorods	  and	  B)	  annealed	  TiO2	  nanorods	  
at	   600	   oC	   in	   air	   for	   5	   h;	   respective	   insets	   show	   higher	   magnification	   of	   the	   corresponding	   TiO2	  
nanostructures	  
	  
Figure	  5-­‐12.	  SEM	  image	  of	  free-­‐standing	  Pt-­‐TiO2	  nanorods	  obtained	  by	  electroless	  deposition	  of	  TiO2	  on	  
Pt	  from	  0.28	  M	  TiCl3	  solution	  for	  12	  h	  in	  AAM.	  Inset	  shows	  a	  higher	  magnification	  of	  Pt-­‐TiO2	  nanorods	  
	  
Figure	  5-­‐13.	  Schematic	  diagram	  comparing	  TiO2	  deposition	  on	  Pt	  nanorods	  by	  (i)	  electroless	  method	  and	  
(ii)	  electrodeposition	  occurring	  in	  porous	  AAM	  
	  
Chapter	  6:	  Absorption	  Studies	  of	  TiO2-­‐Pt	  Nanostructures	  
	  
Figure	  6-­‐1.	  Band	  gaps	  and	  band	  edge	  positions	  of	  TiO2	  anatase	  and	  TiO2	  rutile	  photocatalysts	  depicting	  
correlations	  with	  the	  potential	  levels	  of	  an	  acceptor	  and	  donor	  species	  in	  pH	  7	  electrolyte	  
	  
Figure	  6-­‐2.	  Energy	  correlation	  between	  band	  edges	  of	  TiO2	  and	  Fermi	  energies	  of	  electrode	  reactions	  in	  
aqueous	  electrolyte	  of	  pH	  7	  
	  
Figure	  6-­‐3.	  Energy	  level	  diagrams	  of	  n-­‐type	  TiO2	  semiconductor	  (consisting	  of	  lattice	  imperfections)	  and	  
Pt	  metal	  at	  electrical	  and	  thermal	  equilibrium	  illustrating	  A)	  equilibrating	  of	  Fermi	  levels	  as	  TiO2	  and	  Pt	  
are	   brought	   in	   contact	   with	   each	   other,	   and	   B)	   formation	   of	   a	   space-­‐charge	   layer	   resulting	   from	   a	  
potential	  difference	  across	  TiO2	  and	  Pt	  contact	  surfaces,	  and	  a	  schottky	  barrier	  between	  n-­‐type	  TiO2	  and	  
Pt	  which	  creates	  resistance	  for	  electrons	  to	  travel	  from	  TiO2	  semiconductor	  to	  Pt	  metal	  
	  
Figure	   6-­‐4.	   Energy	   level	   diagrams	   of	   n-­‐type	   TiO2	   semiconductor	   consisting	   of	   high	   concentration	   of	  
surface	  defects,	  resulting	  an	  Ohmic	  flow	  of	  electrons	  from	  TiO2	  to	  Pt	  metal	  	  
	  
Figure	  6-­‐5.	  Structural	  diagram	  of	  Rhodamine	  B	  (C28H31ClN2O3,	  Mr=479.02,	  λmax~543	  nm)	  
	  
Figure	  6-­‐6.	  Plot	  comparing	  the	  photodegradation	  of	  RhB	  on	  (i)	  TiO2-­‐unannealed	  and	  (iii)	  TiO2-­‐	  annealed	  
under	  UV	  irradiation;	  (ii)	  TiO2-­‐unannealed	  and	  (iv)	  TiO2-­‐annealed	  under	  irradiation	  of	  UV	  and	  visible	  light	  
(λ	  >	  300	  nm).	  All	  4	  samples	  consist	  of	  arrays	  of	  TiO2	  nanorods	  of	  approximately	  3	  µm	  in	  length.	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Figure	  6-­‐7.	  Photocatalytic	  activity	  comparison	  under	  visible	  and	  UV	  irradiation	  (wavelength	  >300	  nm)	  of	  
(a)	   TiO2	   film	   (b)	   TiO2	   nanorods	   and	   (c)	   bi-­‐segmented	   Pt-­‐TiO2	   nanorods	   based	   on	   the	   normalized	   RhB	  
concentration	  ratio	  C/Co	  as	  a	  function	  of	  irradiation	  time.	  Insets	  (a),	  (b)	  and	  (c)	  show	  the	  corresponding	  
SEM	  images	  of	  the	  respective	  samples.	  	  
	  
Figure	  6-­‐8.	   Schematic	   diagram	   illustrating	   the	  difference	   in	   the	   aspect	   ratio	  of	  A)	   bulk	   TiO2	   and	  B)	   an	  
array	  of	  TiO2	  nanorods	  for	  adsorption	  of	  molecules	  and	  charge	  carrier	  migration	  lengths.	  
	  
Figure	   6-­‐9.	   Schematic	   diagram	  of	   RhB	  degradation	  on	  A)	   TiO2	   nanorods	   and	   (B)	   bi-­‐segmented	  Pt-­‐TiO2	  
nanorods	   under	   irradiation	   of	   λ	   >	   300	   nm.	   Enhanced	   RhB	   photodegradation	   on	   Pt-­‐TiO2	   nanorods	  
through	   electron-­‐hole	   separation	   and	   surface	   electron	   excitation	   by	   visible	   light	   excitation	   of	   surface	  
Plasmon	  resonance	  of	  Pt	  metals	  on	  TiO2	  
	  
Figure	  6-­‐10.	  A)	  Plot	  showing	  the	  relationship	  between	  the	   length	  of	  TiO2	  segment	   in	  bi-­‐segmented	  Pt-­‐
TiO2	  nanorods	  and	  its	  photocatalytic	  activity	  on	  RhB	  degradation	  indicated	  by	  the	  rate	  constant,	  k.	  The	  
dotted	   curve	   serves	   as	   a	   guide	   to	   the	   eye.	   B)	   Schematic	   diagram	   illustrating	   the	   difference	   in	   light	  
absorption	  and	  interface	  reactions	  in	  corresponding	  regions	  I,	  II	  and	  III	  	  
	  
Figure	   6-­‐11.	   Plot	   reflecting	   the	   effect	   of	   a)	   TiO2,	   b)	   Pt-­‐TiO2,	   and	   c)	   TiO2-­‐Pt-­‐TiO2	   nanorods	   on	   RhB	  
degradation	   rate	   under	   6	   h	   of	   continuous	   UV	   irradiation;	   SEM	   images	   (a),	   (b)	   and	   (c)	   shows	  
corresponding	  nanostructures	  where	  the	  total	  length	  of	  TiO2	  segment	  are	  kept	  approximately	  constant	  	  
	  
Figure	  6-­‐12.	  Schematic	  diagram	  of	  a)	  TiO2,	  b)	  Pt-­‐TiO2,	  and	  c)	  TiO2-­‐Pt-­‐TiO2	  nanorods	  illustrating	  the	  effect	  
of	  increasing	  number	  of	  TiO2/Pt	  interfaces	  on	  its	  photoactivity	  in	  RhB	  degradation	  	  	  
	  
Figure	   6-­‐13.	   Rhodamine	   degradation	   on	   Pt-­‐TiO2	   and	   TiO2-­‐Pt	   bi-­‐segmented	   nanorods	   under	   UV	  
irradiation	  at	  A)	  180	   o	   light	   incidence	  and	  B)	  90	   o	   light	   incidence.	   Insets	   show	  schematic	   illustration	  of	  
nanorod	  orientation	  to	  light	  source.	  
	  
Figure	  6-­‐14.	  Mounted	  samples	  consisting	  of	  an	  array	  of	  TiO2-­‐Pt	  and	  Pt-­‐TiO2	  freestanding	  nanorods	  used	  
for	  integrating	  sphere	  measurements.	  Angle	  of	  light	  is	  incident	  on	  the	  nanorods	  at	  180	  o,	  similar	  to	  that	  
in	  absorption	  studies.	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Figure	  6-­‐15.	   Integrating	   sphere	  measurements	  of	  A)	  %	   reflectance	  and	  B)	  %	   transmittance	  of	   samples	  
consisting	  of	  TiO2-­‐Pt	  and	  Pt-­‐TiO2	  bi-­‐segmented	  nanorods.	  %	  Transmittance	  measurements	  taken	  against	  
a	  standard	  consisting	  of	  only	  epoxy	  (used	  as	  a	  support	  for	  TiO2/Pt	  bi-­‐segmented	  nanorods)	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Chapter	  1: Introduction	  
	  
1.1. Motivation	  
	  
Solar	  energy	  is	  the	  most	  abundant	  and	  permanent	  energy	  resource	  on	  earth.	  The	  ability	  to	  harness	  and	  
utilize	  solar	  energy	  directly	  through	  solar	  technologies	  can	  make	  a	  substantial	  contribution	  to	  reducing	  
the	  world’s	  reliance	  on	  fossil	   fuels.	  At	  present	  fossil	   fuels	  constitute	  80%	  of	  the	  worldwide	  energy	  use	  
[1].	  The	  demand	  for	   fossil	   fuels	   is	  expected	  to	  exceed	  annual	  production	  within	   the	  next	   two	  decades	  
[2],	  which	  poses	  a	  challenge	  to	  the	  world’s	  energy	  sustainability.	  	  
	  
The	   world’s	   dependence	   on	   fossil	   fuels	   also	   imposes	   several	   environmental	   risks	   [3].	   The	   burning	   of	  
fossil	   fuels	   releases	   carbon	  dioxide,	   nitrogen	  oxides	   and	  aerosols,	  which	  affect	   the	   local,	   regional	   and	  
global	   environment.	   Energy	   infrastructures	   such	   as	  power	  plants,	   gas	   and	  oil	   pipelines	   are	  potentially	  
vulnerable	   to	   adverse	   weather	   conditions.	   Owing	   to	   the	   lack	   of	   water	   to	   cool	   the	   condensers,	   the	  
operations	  of	  nuclear	  and	  oil	  plants	  are	  potentially	  at	  risk	  during	  hot	  and	  dry	  weather	  conditions;	  fossil	  
and	  nuclear	  plants	  that	  are	  destroyed	  by	  hurricanes	  and	  typhoons	  pose	  severe	  environment	  and	  health	  
threats.	  	  
	  
To	  address	  the	  impending	  issue	  of	  energy	  sustainability	  and	  the	  growing	  environmental	  and	  health	  risks	  
related	   to	   the	   present	   energy	   systems,	   the	   world	   is	   urgently	   seeking	   a	   transformation	   into	   a	   more	  
sustainable	   energy	   supply.	   Currently	   photovoltaic	   (PV)	   modules	   are	   a	   major	   contribution	   to	   this	  
transformation	  [4].	  Coupled	  with	  an	  electrolyzer,	  this	  energy	  system	  is	  able	  to	  efficiently	  convert	  energy	  
harvested	  from	  the	  sun	  into	  electrical	  power.	  As	  the	  demand	  for	  a	  sustainable	  energy	  supply	  increases,	  
researchers	   are	   seeking	   on	   an	   efficient	   and	   cost	   effective	   approach	   to	   improve	   the	   technology	   of	  
harnessing	  solar	  energy.	  Mimicking	  the	  idea	  of	  how	  nature	  collects	  and	  stores	  solar	  energy	  in	  chemicals	  
bonds	   through	   photosynthesis,	   an	   economically	   viable	   water	   splitting	   cell	   capable	   of	   splitting	   water	  
directly	   at	   the	   semiconductor	   surface	   is	   developing	   [5].	   The	   catalytic	   semiconductor	   is	   required	   to	  be	  
both	  a	   light	  absorber	  and	  an	  energy	  converter	  to	  store	  solar	  energy	   in	  the	  simplest	  chemical	  bond,	  H2	  
[6],	   thereby	   eradicating	   significant	   fabrication	   and	   system	   costs	   involved	   with	   the	   use	   of	   separate	  
electrolyzers	  wired	  to	  photovoltaic	  cells	  [7].	  	  
	  
Photoelectrochemical	   cells	   consisting	   of	   TiO2	   semiconductor	   and	   Pt	  metal	   have	   been	   considered	   to	   be	  
effective	   photocatalysts	   for	   hydrogen	   evolution	   [8].	   By	   employing	   various	   types	   of	   TiO2/Pt	   systems,	  
several	  attempts	  have	  been	  made	  to	  produce	  H2	  and	  O2	  through	  the	  process	  of	  water	  splitting	  [9-­‐13].	  To	  
date,	   TiO2/Pt	   photocatalytic	   systems	   for	   photocatalysis	   consist	  mostly	   of	   Pt	   nanoparticles	   dispersed	   on	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TiO2	   nanostructures	   and	   films	   [13-­‐16];	   or	   Pt	   embedded	   in	   TiO2	   [17,	   18].	   These	   TiO2/Pt	   photocatalytic	  
systems	  present	  limitations	  in	  the	  functionality	  of	  TiO2	  or	  Pt	  ,	  as	  the	  exposed	  surface	  of	  TiO2	  will	  be	  block	  
by	  the	  coverage	  of	  Pt	  and	  vice	  versa.	  
	  
In	  this	  research,	  we	  aim	  to	  prepare	  water-­‐splitting	  materials	  consisting	  of	  multi-­‐component	  nanorods	  of	  
TiO2	   and	   Pt	   with	   well-­‐defined	   nanostructures.	   Each	   individual	   TiO2-­‐Pt	   nanorod	   functions	   as	  
photocatalysts	   for	   hydrogen	   production.	   As	   the	   TiO2-­‐Pt	   nanorods	   are	   irradiated	   with	   light	   in	   the	  
presence	   of	   a	   water	   source,	   oxygen	   and	   hydrogen	   are	   evolved	   at	   the	   TiO2	   anode	   and	   Pt	   cathode	  
segments	   of	   the	   nanorods	   respectively.	   Compared	   to	   bulk	   photocatalysts,	   the	   higher	   surface	   area	   of	  
nanostructured	   photocatalysts	   favours	   the	   adsorption	   of	   solute	   molecules;	   and	   the	   use	   of	   multi-­‐
component	  nanorods	   for	   photocatalytic	  water	   splitting	   enables	   the	   control	   of	   the	  direction	  of	   charge	  
movement	   and	   light	   absorption	   pathways	   in	   the	   material	   [19],	   thereby	   presenting	   a	   solution	   to	  
improving	  the	  overall	  efficiency	  of	  photocatalytic	  hydrogen	  production.	  	  	  	  
	  
Amongst	  a	  myriad	  of	  possibilities	  in	  synthesizing	  TiO2	  and	  Pt	  nanorods,	  the	  electrodeposition	  of	  TiO2	  and	  
Pt	   using	   anodic	   aluminium	  oxide	  membrane	   (AAM)	   is	   the	  preferred	  method.	   This	  method	  permits	   an	  
easier	  control	  of	  the	  position	  and	  composition	  of	  the	  materials	  growth	  along	  the	  length	  of	  the	  nanorods,	  
which	  allows	  a	   customizable	   and	  highly	   reproducible	  method	  of	  obtaining	  multi-­‐segmented	   rods	  with	  
uniformly	  distributed	  active	  sites	  for	  efficient	  catalytic	  activity.	  	  
	  
In	   order	   to	   achieve	   effective	   conversion,	   storage	   and	   utilization	   of	   renewable	   energy	   sources,	  
technological	   breakthroughs	   and	   revolutionary	   developments	   are	   needed.	   The	   efforts	   toward	  
engineering	  nanostructures	  offer	  a	  new	  paradigm	  for	  developing	  an	  efficient	  photoelectrolysis	  device	  to	  
achieve	  an	  affordable	  and	  environmentally	  benign	  method	  for	  energy	  conversion	  and	  storage.	  	  
	  
1.2. Hydrogen	  economy	   	  
	  
Relating	   to	   a	   proposed	   system	   of	   delivering	   energy	   using	   hydrogen,	   the	   well-­‐known	   term	   ‘Hydrogen	  
Economy’	  was	   created	   by	   John	  Bockris,	   a	   physical	   chemist	  who	   saw	   the	   future	   of	   the	  world’s	   energy	  
economy	  based	  on	  the	  use	  of	  hydrogen	  [20].	  The	  production	  of	  hydrogen	  is	  a	  large	  and	  global	  industry.	  
Its	  importance	  stems	  from	  its	  pertinent	  roles	  in	  the	  production	  of	  ammonia	  via	  the	  Haber	  process	  and	  in	  
the	   conversion	  of	   heavy	  petroleum	  components	   into	   lighter	   fractions	   via	  hydrocracking.	  As	   the	  world	  
faces	   challenges	   to	   energy	   sustainability,	   the	   demand	   for	   hydrogen	   has	   risen	   as	   it	   is	   potentially	   an	  
alternative	  fuel	  to	  the	  increasingly	  depleted	  and	  yet	  increasingly	  employed	  fossil	  fuels.	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The	   transformation	   from	   the	   present	   fossil	   fuel	   economy	   to	   a	   hydrogen	   economy	   involves	   numerous	  
scientific	  and	  technological	  advances	  which	  will	  require	  several	  decades	  to	  be	  accomplished	  [21].	  There	  
are	   several	   methods	   of	   producing	   hydrogen,	   however	   if	   the	   process	   is	   to	   be	   carbon	   neutral	   and	  
renewable,	  solar-­‐driven	  reactions	  would	  be	  the	  best	  method.	  The	  use	  of	  solar	  energy	  to	  drive	  chemical	  
reactions	  involves	  water	  as	  the	  key	  component.	  Though	  water	  represents	  a	  virtually	  limitless	  source	  of	  
hydrogen,	   it	   is	  highly	   stable	  and	   therefore	   requires	  a	   large	  energy	   input	   to	   release	   the	  elements.	  This	  
energy	   can	   be	   supplied	   in	   the	   form	   of	   heat	   (thermochemical),	   light	   (photochemical),	   or	   electricity	  
(electrolysis)	  [22].	  	  	  
	  
Solar	  thermal	  is	  potentially	  the	  most	  efficient	  path	  for	  producing	  hydrogen	  from	  water	  since	  it	  does	  not	  
involve	  inefficiencies	  associated	  with	  photochemical	  transformations	  or	  the	  conversion	  of	  solar	  energy	  
to	  electricity	  followed	  by	  electrolysis	  [23].	  However,	  water	  requires	  temperatures	  of	  more	  than	  2500	  K	  
to	   be	   thermally	   decomposed	   at	   a	   significant	   extent	   into	   elemental	   hydrogen	   and	   oxygen	   [24],	   which	  
implies	  the	  added	  need	  for	  nuclear	  reactors	  to	  supply	  high	  temperatures	  through	  the	  process	  of	  nuclear	  
fission.	  A	  hydrogen	  economy	  which	  requires	   	  nuclear	  electricity	   is	  not	  only	  energy-­‐intensive	  but	   it	  also	  
imposes	   safety	   and	   environmental	   constraints	   such	   as	   safe	   radioactive	   waste	   disposal,	   nuclear	  
proliferation,	  plant	  decommissioning	  and	  uranium	  shortage	  will	  be	  magnified	  [21].	  	  
	  
Compared	   to	   the	   solar-­‐thermal	   approach	   to	   water	   splitting,	   photoelectrochemical	   (electrolysis)	   and	  
photochemical	  methods	  present	  a	  more	  desirable	  method	  of	  producing	  hydrogen	  using	  stable,	  sunlight-­‐
harvesting	  semiconductors.	  Through	  electrolysis,	  energy	   is	  supplied	   in	  the	  form	  of	  electricity	   to	  cleave	  
water	   into	   gaseous	   hydrogen	   and	   oxygen.	   This	   electricity	   is	   generated	   by	   solar	   radiation	   absorbed	   in	  
photovoltaic	  devices,	  which	  is	  coupled	  to	  a	  water	  electrolyzer.	  Recently,	  photochemical	  water	  splitting	  
cells	  composing	  of	  stable	  semiconductors	  have	  been	  designed	  to	  enable	  water	  splitting	  directly	  at	   the	  
semiconductor	   surface	   [25].	   Compared	   to	   the	   use	   of	   electrolyzers,	   water	   splitting	   cells	   which	   enable	  
direct	   contact	   between	   the	   semiconductor	   and	   the	   liquid	   are	   more	   economically	   viable	   because	  
significant	  fabrication	  and	  systems	  costs	  which	  are	  involved	  with	  the	  use	  of	  separate	  electrolyzers	  wired	  
to	  solar	  cells	  are	  avoided	  [7].	  Besides	  this,	  water	  splitting	  via	  the	  photochemical	  pathway	   is	  also	  more	  
attractive	  due	  to	  the	  ease	  at	  which	  an	  electric	  field	  can	  be	  created	  at	  the	  semiconductor/liquid	  junction	  
[26].	  	  
	  
The	  discovery	  of	  the	  photoelectrochemical	  system	  has	  brought	  about	  significant	  technological	  advances	  
in	   harnessing	   sunlight	   for	   renewable	   hydrogen	   production	   and	   is	   becoming	   more	   competitive	   as	   it	  
promises	   a	   more	   cost	   effective,	   clean	   and	   environmentally	   friendly	   method	   of	   producing	   renewable	  
hydrogen	  [27].	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1.3. Photocatalytic	  hydrogen	  production	  
	  
1.3.1. Semiconductor	  TiO2	  for	  hydrogen	  production	  
	  
The	  discovery	  of	  photocatalytic	  water	  splitting	  using	  a	  semiconductor,	   titanium	  dioxide	   (TiO2)	  
was	  reported	  by	  Fujishima	  and	  Honda	  [8].	  An	  electrochemical	  cell	  was	  constructed	  in	  which	  a	  
TiO2	  electrode	  was	  connected	  to	  a	  platinum	  (Pt)	  electrode	  through	  an	  external	  load	  as	  shown	  in	  
figure	  1-­‐1.	  As	  the	  surface	  of	  the	  TiO2	  electrode	  was	  irradiated	  using	  visible	  light,	  a	  current	  flow	  
was	  observed,	  which	  consequently	  produced	  oxygen	  (O2)	  and	  hydrogen	  (H2)	  at	  the	  TiO2	  and	  Pt	  
electrodes	   respectively.	   This	   work	   suggested	   the	   feasibility	   of	   using	   TiO2	   for	   water	  
decomposition	   by	   visible	   light	   without	   applying	   an	   external	   voltage	   and	   hence	   marked	   the	  
beginning	  of	  extensive	  research	  efforts	  in	  synthesizing	  and	  understanding	  TiO2	  materials	  for	  the	  
enhancement	  of	  photocatalytic	  efficiency.	  	  	  
	  
	  
	  
Figure	  1-­‐1.	  Electrochemical	  cell	  in	  which	  the	  TiO2	  electrode	  is	  connected	  with	  a	  platinum	  
electrode	  through	  an	  external	  load.	  
	  
In	  general,	  semiconductors	  which	  possess	  a	  band	  gap	  of	  greater	  than	  1.23	  eV	  and	  are	  able	  to	  
utilise	  the	  energy	  of	  absorbed	  photons	  to	  convert	  water	  into	  hydrogen	  and	  oxygen	  can	  function	  
as	  photocatalysts	  for	  hydrogen	  production	  [28].	  However,	  many	  of	  these	  semiconductors	  such	  
as	  cadmium	  sulphide	  (CdS)	  and	  silicon	  carbide	  (SiC)	  are	  unsuitable	  as	  photocatalysts	  for	  water	  
splitting	  as	   they	  undergo	  anodic	  dissolution	  and	  photocorrosion	   [29].	  Conductive	  metal	  oxide	  
semiconductors	   such	   as	   ruthenium	   oxide	   (RuO2)	   and	   iridium	   oxide	   (IrO2)	   which	   readily	   react	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with	   bases	   and	   any	   oxygen	   produced	   at	   the	   anode	   are	   also	   chemically	   unstable	   for	   water	  
splitting	   [30].	   Due	   to	   its	   strong	   catalytic	   activity	   and	   high	   chemical	   stability	   in	   acidic	   and	  
oxidative	   environments,	   TiO2	   is	   the	   widely	   preferred	   photocatalyst	   for	   hydrogen	   production	  
[29].	  	  
	  
Throughout	   the	   progress	   of	   TiO2	   photocatalytic	   research,	   the	   photocatalytic	   activities	   of	   the	  
two	   major	   TiO2	   phases	   	   were	   compared	   and	   it	   has	   been	   concluded	   that	   the	   activity	   of	   the	  
anatase	  TiO2	  for	  autooxidation	  is	  much	  higher	  than	  that	  of	  rutile.	  This	  can	  be	  attributed	  to	  the	  
influence	  of	  the	  crystal	  structure	  and	  morphology	  of	  the	  exposed	  lattice	  planes	  on	  the	  process	  
of	  charge	  transfer	  at	  the	  TiO2/electrolyte	  interface	  [31].	  Xiao	  and	  co-­‐workers	  [32]	  evaluated	  the	  
photocatalytic	   activity	   of	   the	   synthesized	   anatase	   TiO2	   nanosheets	   of	   approximately	   82%	  
dominant	  (001)	  facets	   loaded	  with	  1	  wt%	  Pt	  by	  measuring	  the	  efficiency	  of	  H2	  evolution	  from	  
water	  splitting.	  The	  results	  exhibited	  a	  high	  H2	  production	  rate	  of	  7381	  µmol	  h
-­‐1	  g-­‐1	  under	  ultra-­‐
violet	  visible	  (UV-­‐vis)	  light	  irradiation	  using	  a	  300	  W	  Xe	  lamp	  with	  a	  wavelength	  of	  220	  -­‐770	  nm	  
which	  can	  be	  attributed	  to	   the	  exposed	  reactive	   (001)	   facets	  and	  high	  crystallinity	  of	  anatase	  
TiO2.	  	  
	  
Additionally,	   the	   electrochemical	   and	   photoelectrochemical	   investigation	   of	   single-­‐crystal	  
anatase	  TiO2	  compared	  to	  rutile	  TiO2	  was	  carried	  out	  by	  Kavan	  and	  co-­‐workers	  [31].	  From	  the	  
comparison	  of	  the	  flat	  band	  potential	  which	  represents	  one	  of	  the	  fundamental	  properties	  of	  
any	   semiconductor-­‐electrolyte	   system,	   coupled	  with	   the	   energy	   band	   gap,	   it	  was	   found	   that	  
anatase	   TiO2	   (101)	   and	   rutile	   TiO2	   (001)	   electrodes	   differ	   mainly	   in	   the	   position	   of	   the	  
conduction	  band	  edge.	  While	  the	  flat-­‐band	  potential	  of	  rutile	  TiO2	  is	  slightly	  more	  positive	  than	  
that	  of	  the	  standard	  hydrogen	  electrode	  that	  of	  anatase	  TiO2	  was	  shown	  to	  be	  negative	  of	  this	  
value.	  The	  higher	  reduction	  potential	  of	  the	  photogenerated	  electrons	  in	  anatase	  TiO2	  than	  in	  
rutile	   TiO2	   hence	   suggests	   that	   the	   complete	   photoelectrolysis	   of	   water	   to	   H2	   and	   O2	   by	  
photogenerated	   conduction	   band	   electrons	   occurs	   spontaneously	   with	   anatase	   TiO2	   rather	  
than	  with	  rutile	  TiO2.	  	  
	  
1.3.2. Mechanisms	  of	  TiO2	  photocatalytic	  hydrogen	  production	  
	  
The	   electronic	   structure	   of	   a	   semiconductor	   plays	   a	   key	   role	   in	   the	   water	   splitting	   reaction.	  
Unlike	   conductors,	   which	   possess	   a	   continuum	   of	   electronic	   states,	   intrinsic	   semiconductors	  
such	   as	   TiO2	   consists	   of	   a	   valence	   and	   a	   conduction	  band	  between	  which	   is	   a	   region	   void	   of	  
energy	  levels.	  This	  void	  region,	  which	  extends	  from	  the	  top	  of	  the	  valence	  band	  to	  the	  bottom	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of	  the	  conduction	  band	  is	  known	  as	  the	  band	  gap.	  When	  a	  semiconductor	  is	  excited	  by	  photons	  
with	  energy	  equal	  to	  or	  higher	  than	  the	  band	  gap	  energy	  level,	  electrons	  from	  the	  filled	  valence	  
band	  are	  promoted	  to	  the	  empty	  conduction	  band,	   leaving	  behind	  positively	  charged	  holes	   in	  
the	  valence	  band.	  	  
	  
There	   are	   several	   pathways,	   which	   the	   separated	   electron	   and	   hole	   follow.	   As	   the	   direct	  
contact	  between	  the	  semiconductor	  and	  water	  allows	  water	  species	  to	  be	  pre-­‐adsorbed	  on	  the	  
semiconductor	   surface,	   electrons	   and	   holes	   at	   the	   surface	   of	   the	   semiconductor	   are	   able	   to	  
respectively	  participate	   in	   reduction	  and	  oxidation	  of	   the	  water.	  The	   reduction	  and	  oxidation	  
reactions	   by	   the	   photo-­‐generated	   holes	   and	   electrons	   on	   the	   surface	   of	   TiO2	   present	   the	  
fundamental	  reaction	  mechanisms	  of	  photocatalytic	  hydrogen	  production.	  
	  
The	  Gibbs	  free	  energy	  change	  under	  standard	  conditions	  indicates	  237.2	  KJ	  mol-­‐1	  is	  required	  to	  
convert	   one	  mole	   of	   H2O	  molecules	   to	   H2	   and	   ½	   O2,	   which	   corresponds	   to	   a	   change	   in	   the	  
standard	  electrochemical	  potential	  of	  1.23	  V	  per	  electron	  transferred,	  as	  defined	  by	  the	  Nernst	  
equation.	  Ideally,	  a	  single	  semiconductor	  material	  with	  a	  band	  gap	  energy	  large	  enough	  to	  split	  
water,	   and	   a	   conduction	   and	   valence	   band-­‐edge	   energy	   that	   straddle	   the	   electrochemical	  
potentials	   Eo	   (H+/H2)	   and	   E
o(O2/H2O)	   will	   have	   the	   ability	   to	   drive	   the	   hydrogen	   evolution	  
reaction	   and	   oxygen	   evolution	   using	   electrons	   and	   holes	   generated	   under	   illumination.	  
Possessing	  a	  band	  gap	  energy	  of	  about	  3.2	  eV,	  TiO2	  is	  able	  to	  decompose	  water	  into	  oxygen	  and	  
hydrogen	  in	  an	  electrochemical	  cell	  under	  irradiation	  according	  to	  equations	  1A-­‐1D	  below	  [28]:	  
	  
Excitation	  of	  TiO2	  by	  light:	  TiO2	  +	  2	  hv	  !	  2	  e
-­‐	  +	  2	  p+	  	  	  	   	   (Equation	  1A)	  
Oxidation	  reaction	  at	  TiO2	  electrode:	  2	  p
+	  +	  H2O	  !	  ½	  O2	  +	  2	  H
+	   (Equation	  1B)	  
Reduction	  reaction	  at	  Pt	  electrode:	  	  2	  e-­‐	  +	  2	  H+	  !	  H2	   	   (Equation	  1C)	  
The	  overall	  reaction	  is:	  H2O	  +	  2	  hv	  !	  ½	  O2	  +	  H2	   	   	   (Equation	  1D)	  
	  
Presently,	  the	  energy	  conversion	  efficiency	  from	  solar	  to	  hydrogen	  by	  TiO2	  via	  this	  mechanism	  
remains	  low,	  largely	  due	  to	  the	  recombination	  of	  the	  photo-­‐generated	  electron-­‐hole	  pairs.	  This	  
happens	  when	  the	  excited	  electrons	  in	  the	  conduction	  band	  rapidly	  recombine	  with	  the	  valence	  
band	   holes	   of	   the	   semiconductor	   and	   releases	   energy	   in	   the	   form	   of	   unproductive	   heat	   or	  
photons.	  To	  resolve	  this	  problem	  and	   increase	  the	  feasibility	  of	  solar	  photocatalytic	  hydrogen	  
production,	  methods	  such	  as	  noble	  metal	  loading	  were	  investigated	  which	  proved	  to	  be	  useful	  
in	  enhancing	  hydrogen	  production.	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1.3.3. Platinization	  of	  TiO2	  to	  enhance	  hydrogen	  production	  
	  
In	  order	  to	  enhance	  photocatalytic	  activity,	  noble	  metals	  such	  as	  Pt	  particles	  are	  often	  used	  as	  
electron	   scavengers.	   By	   acting	   as	   an	   electron	   sink,	   photo-­‐excited	   electrons	   and	   holes	   are	  
efficiently	  separated	  to	  result	   in	  an	  increase	  in	  TiO2	  photocatalytic	  activity	  through	  decreasing	  
the	  rate	  of	  electron-­‐hole	  recombination	  and	  prolonging	  the	  lifetime	  of	  electron-­‐hole	  pairs	  [33,	  
34].	  Tang	  and	  co-­‐workers	   investigated	  the	  quantum	  yield	  of	  oxygen	  production	  using	  Pt	  as	  an	  
electron	  scavenger	  on	  TiO2	   film	  and	  observed	  the	  dynamics	  of	   long-­‐lived	  photoholes,	   thereby	  
suggesting	  Pt	  as	  a	  reasonable	  electron	  scavenger	  [35].	  Consequently,	  there	  has	  been	  increasing	  
reports	  on	  the	  effective	  coupling	  of	  TiO2	  and	  Pt	  as	  effective	  catalysts	  for	  hydrogen	  production	  
[36,	  37].	  
	  
Based	   on	   Electron	   Spin	   Resonance	   (ESR)	   signals,	   Anpo	   and	   Takeuchi	   [38]	   reported	   the	  
significant	   enhancement	   of	   photocatalytic	   reactivity	   of	   TiO2	   powder	   in	   the	   presence	   of	   small	  
amounts	  of	  Pt	  loading.	  By	  investigating	  the	  relationship	  of	  ESR	  signals	  with	  Ti3+	  generated	  on	  Pt-­‐
loaded	  TiO2	  and	  unloaded	  TiO2	  under	  UV	  light	  irradiation,	  it	  was	  discovered	  that	  the	  Ti
3+	  signal	  
intensity	  of	  the	  unloaded	  TiO2	  was	  found	  to	  increase	  linearly	  with	  the	  UV	  irradiation	  time	  while	  
few	  changes	  were	  detected	  from	  the	  Pt-­‐loaded	  TiO2.	  Since	  Ti
3+	  sites	  arise	  from	  Ti4+	  sites	  where	  
photogenerated	   electrons	   are	   trapped,	   these	   results	   clearly	   indicate	   that	   rapid	   transfer	   of	  
photogenerated	  electrons	   from	  TiO2	   to	  Pt	  had	  occurred	   in	   the	  Pt-­‐loaded	  TiO2.	  As	   the	  charges	  
distribute	  between	  TiO2	  and	  Pt,	  the	  Fermi	  levels	  of	  the	  semiconductor	  and	  metal	  nanoparticle	  
equilibrate	  and	  shift	  closer	  to	  the	  conduction	  band	  of	  TiO2	  [39].	  The	  resulting	  shift	  of	  the	  Fermi	  
level	  to	  a	  more	  negative	  potential	  improves	  the	  efficiency	  of	  the	  photocatalytic	  reaction	  of	  TiO2	  
and	  hence	  the	  efficiency	  for	  the	  water-­‐splitting	  hydrogen	  production.	  	  
	  
1.3.4. Nanostructural	  effects	  on	  photoelectrodes	  
	  
Recently	  much	  interest	  has	  been	  directed	  towards	  the	  use	  of	  TiO2	  nanostructures	  for	  hydrogen	  
production	   due	   to	   their	   unique	   properties.	   The	   primary	   advantage	   of	   a	   structured	   electrode	  
compared	  to	  a	  planar	  system	  is	  the	  decoupling	  of	  the	  directions	  of	  light	  absorption	  and	  charge-­‐
carrier	   collection	   [19].	   In	   a	   traditional	   planar	   semiconductor	   material,	   the	   direction	   of	   light	  
absorption	   is	   similar	   to	   that	   of	   charge-­‐carrier	   collection.	   Since	   the	   distance	   that	   a	   minority	  
carrier	  can	  diffuse	  before	  recombining,	  LD	  is	  directly	  related	  to	  the	  minority-­‐carrier	  mobility,	  µ	  
(m2V-­‐1S-­‐1)	  by	  the	  following	  equations	  1E	  and	  1F:	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  (Equation	  1E)	  
where	   	  is	  the	  minority-­‐carrier	  lifetime	  and	  D	  is	  the	  minority	  carrier	  diffusion	  coefficient	  
	  
The	  diffusion	  coefficient	  is	  then	  related	  to	  the	  µ	  by	  the	  Einstein	  equation:	  
	  
	   	  	  	  	  	  (Equation	  1F)	  
	  
This	   results	   in	   the	   material	   having	   a	   carrier	   collection	   limited	   by	   minority-­‐carrier	   diffusion	  
located	   at	   the	   base	   region.	   Although	   increasing	   the	   thickness	   of	   the	   material	   increases	   the	  
amount	  of	   light	  absorbed,	   the	  efficiency	  of	  a	   solar	  device	   fitted	  with	  a	  planar	   semiconductor	  
system	  is	  unlikely	  to	  increase.	  	  
	  
A	  solution	  to	  the	  device	  design	  and	  optimization	  issue	  may	  be	  provided	  by	  employing	  arrays	  of	  
semiconductor	   nanorods.	   Because	   of	   their	   significantly	   smaller	   size,	   TiO2	   nanostructures	  
possess	   a	   large	   surface-­‐to-­‐volume	   ratio	   and	   hence	   specific	   surface	   area	   for	   photocatalytic	  
activity.	   As	   a	   semiconductor,	   the	  movement	   of	   the	   electrons	   and	   holes	   of	   TiO2	   are	   not	   only	  
largely	  affected	  by	  its	  size,	  but	  also	  by	  its	  geometry	  [40].	  This	  effect	  can	  be	  best	  exemplified	  by	  
examining	   and	   comparing	   the	   structure	   of	   a	   solar	   cell	   nanorod	   array	   to	   that	   of	   a	   planar	  
structure	  of	  the	  same	  material.	  Each	  individual	  nanorod	  in	  the	  cell	  can	  be	  built	  long	  in	  the	  axial	  
direction	  to	  allow	  for	  optimal	  light	  absorption,	  while	  thin	  in	  the	  radial	  direction	  to	  allow	  excited	  
minority	   charge	   carriers	   residing	   deep	   within	   the	   semiconductor	   nanorod	   array	   to	   easily	  
migrate	   to	   the	   semiconductor	   surface	   [28].	   Overall,	   the	   small	   aspect	   ratio	   inherent	   in	   the	  
geometry	   of	   a	   nanorod	   structure	   is	   able	   to	   result	   in	   an	   increase	   in	   the	   charge	   collection	  
efficiency	  despite	  short	  minority	  carrier	  diffusion	  lengths.	  	  
	  
1.4. Templated	  Electrodeposition	  of	  Multi-­‐Segmented	  Nanostructures	  
	  
One-­‐dimensional	  nanostructures	  such	  as	  rods	  and	  wires	  are	  becoming	  important	  nanomaterials	  due	  to	  
their	   relatively	   large	   specific	   surface	   area	   and	   extremely	   high	   aspect	   ratios,	   offering	   the	   potential	   to	  
build	  striped	  nanostructures	  with	  multiple	  chemical	  components	  aligned	  along	  the	   longitudinal	  axis	  of	  
the	   structure.	   Several	  methods	   such	   as	   pulsed-­‐laser	   ablation/	   chemical	   vapour	   deposition	   (PLA-­‐CVD),	  
nanolithography	  and	  deposition	  using	  various	   techniques	   into	  hard	   templates	  have	  been	  employed	   to	  
synthesize	   these	   multi-­‐component	   materials.	   Amongst	   these,	   template	   synthesis	   is	   becoming	   the	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preferred	  method	  as	  increased	  emphasis	  is	  placed	  on	  low	  cost,	  high	  throughput,	  high	  volume	  and	  ease	  
of	  production	  of	  multi-­‐segmented	  nanorods.	  
	  
Micro-­‐	   and	   nanoporous	   hard	   templates	   are	   commonly	   used	   to	   fabricate	   one-­‐dimensional	  
multisegmented	   rods	   because	   their	   pores	   are	   uniform	   and	   dense,	   providing	   an	   effective	   approach	   to	  
synthesize	  monodisperse	  nanomaterials	  in	  high	  yield.	  The	  use	  of	  hard	  templates	  also	  allows	  the	  control	  
of	   the	  placement	  and	  dimensions	  of	  different	  material	   components	  of	   the	  nanorods	  during	   synthesis.	  
Amongst	  materials	   such	   as	   zeolite,	   glass	   and	   nanoporous	   solids	  which	   are	   used	   as	   templates	   for	   the	  
fabrication	  of	  nanorods,	  track-­‐etched	  polycarbonate	  and	  anodic	  aluminium	  oxide	  membrane	  (AAM)	  are	  
the	  most	  commonly	  used	  as	  they	  can	  be	  produced	  in	  a	  wide	  range	  of	  uniform	  pore	  sizes	  and	  densities,	  
offering	   the	   possibility	   of	   synthesizing	   monodispersed	   nanomaterials	   in	   high	   yield	   of	   109	   to	   1011	  
nanostructures/cm2	  of	  template	  [41].	  As	  compared	  to	  polycarbonate	  templates	  which	  often	  consist	  of	  a	  
large	  number	  of	  intersecting	  pores	  due	  to	  the	  random	  pore	  formation	  [42],	  AAM	  possess	  uniform	  pores	  
and	  parallel	  channels	  of	  large	  domains,	  thereby	  allowing	  the	  diameters	  and	  lengths	  of	  their	  pores	  to	  be	  
easily	  controlled	  and	   finely	   tailored.	  Additionally,	  not	  only	  do	  AAM	  have	  high	   thermal	  and	  mechanical	  
stability,	  they	  are	  also	  chemically	  and	  thermally	  inert	  during	  the	  deposition	  of	  metals	  in	  the	  pores	  [43].	  	  	  	  	  
	  
By	   electrodepositing	   the	   target	   materials	   into	   AAM,	   cylindrical	   rods	   with	   uniform	   diameters	   are	  
obtained.	   The	  electrochemical	   deposition	  method	  has	   attracted	  much	  attention	  owing	   to	   its	   low	   cost	  
and	  operational	  simplicity	  whereby	  it	  eradicates	  the	  need	  for	  expensive	  instrumentation,	  high	  synthesis	  
temperatures	   or	   low-­‐	   vacuum	   pressures.	   The	   most	   notable	   advantage	   of	   electrodeposition	   is	   its	  
capability	  in	  precisely	  controlling	  the	  position	  and	  composition	  of	  the	  nanorods	  along	  the	  lengths	  of	  the	  
membrane	   [44].	   The	   multi-­‐segmented	   nanorods	   can	   be	   synthesized	   by	   either	   using	   an	   electrolyte	  
containing	   two	  or	  more	  metal	   ions	   in	  a	  solution	   in	  conjunction	  with	  a	  varying	  applied	  potential,	  or	  by	  
changing	   the	   plating	   solution	   and	   varying	   the	   potential	   of	   the	   deposition	   accordingly	   until	   a	  
predetermined	  number	  of	  segments	  is	  met	  [42].	  
	  
A	   general	   technique	   applies	   for	   the	   fabrication	   of	   nanorods	   through	   electrochemical	   deposition	  
regardless	  of	  the	  type	  of	  materials	  to	  be	  deposited.	  Prior	  to	  electrodeposition,	  a	  thin	  conductive	  metal	  
layer	  such	  as	  silver	  or	  gold	  is	  evaporated	  onto	  one	  side	  of	  the	  template	  to	  seal	  the	  pores	  and	  make	  the	  
desired	  side	  conducting.	  This	  metal	  film	  is	  used	  as	  a	  working	  electrode	  to	  enable	  the	  electrodeposition	  
of	   materials	   in	   the	   pores	   of	   the	   template.	   A	   layer	   of	   sacrificial	   metal	   is	   then	   deposited	   before	   the	  
electroplating	   of	   any	   active	   nanorod	   segment	   to	   fill	   up	   any	   gaps	   between	   the	   evaporated	   conductive	  
layer	   and	   the	   AAM	   and	   to	   planarize	   any	   irregular	   area	   that	   may	   exist	   in	   the	   template.	   The	   desired	  
components	  are	  then	  deposited	  sequentially	  and	  the	  nanorods	  are	  released	  by	  chemically	  dissolving	  the	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conductive	  and	  sacrificial	  metal	  layer	  followed	  by	  the	  template.	  This	  technique	  of	  synthesizing	  1D	  multi-­‐
segmented	  nanostructures	  will	  be	  revisited	  again	  in	  chapter	  5.	  	  
	  
To	   date,	   multi-­‐segmented	   nanorods	   and	   nanowires	   synthesized	   via	   template	   electrodeposition	   have	  
been	   employed	   as	   multiplexed	   biosensors	   [45,	   46],	   magnetic	   composites	   [47-­‐49],	   electronic	   building	  
blocks	  [50,	  51]	  and	  optical	  tags	  [52,	  53],	  and	  is	  beginning	  to	  find	  potential	  applications	  in	  catalysis	  [54-­‐
56].	  Based	  on	   the	   linear	   relationship	  between	   the	  average	  nanorod	   length	  and	   the	  amount	  of	   charge	  
passed	  according	  to	  Faraday’s	   law,	  the	  nanorods	  can	  be	  grown	  to	  the	  desired	  length.	  An	  example	  was	  
demonstrated	   through	   the	   fabrication	   of	   multisegmented	   nanorods	   composed	   of	   gold,	   copper	   and	  
nickel	  whereby	  the	  lengths	  of	  the	  metal	  segments	  in	  a	  striped	  rod	  as	  well	  as	  the	  total	  length	  of	  the	  rod	  
were	  easily	   tuned	  by	   controlling	   the	  electrodeposition	   time	   [43].	   The	  high	  degree	  of	   control	   over	   the	  
particle	   length,	   width	   and	   composition	   enables	   the	   preparation	   of	   large	   numbers	   of	   distinct	  
nanostructure	  varieties	  in	  which	  the	  particle	  aspect	  ratio,	  catalytic,	  optical	  and	  electrical	  properties	  are	  
tailored	  for	  a	  desired	  application	  [52].	  
	  
Overall,	  the	  ability	  to	  develop	  one-­‐dimensional	  nanostructures	  with	  different	  striping,	  compositional	  or	  
shape	  patterns	  using	  templated	  electrodeposition	  has	  so	   far	   led	  to	  rapid	  advancements	   in	   the	  area	  of	  
magnetic	  and	  electronic	  building	  blocks,	  and	  bio-­‐sensing	  applications.	  As	  much	  as	  these	  particles	  have	  
been	  practically	  employed	  for	  nano-­‐scale	  electronics	  and	  photonics,	  an	  equally	  compelling	  opportunity	  
lies	  in	  the	  use	  of	  multi-­‐segmented	  nanostructures	  for	  the	  enhancement	  of	  catalytic	  activities	  in	  which	  its	  
future	  development	  holds	  great	  promises.	  	  	  	  	  	  	  
	  
1.5. Thesis	  Outline	  	  
	  
The	   work	   in	   this	   thesis	   focuses	   primarily	   on	   the	   design,	   fabrication	   and	   characterization	   of	   TiO2/Pt	  
striped	  nanorods;	  as	  well	  as	  the	  evaluation	  of	   its	  photocatalytic	  function	  through	  the	  use	  of	  a	  classical	  
absorption	  study	  on	  Rhodamine	  B	  degradation.	  Result	  chapters	  3	  to	  6	  in	  this	  thesis	  are	  built	  largely	  from	  
the	   development	   of	   separate	   protocols	   on	   the	   synthesis	   of	   Pt	   nanorods	   and	   TiO2	   nanorods	   via	  
templated	  electrodeposition,	  as	  described	  respectively	  in	  chapter	  3	  and	  4.	  These	  protocols	  are	  essential	  
in	   ultimately	   achieving	   1D	   TiO2/Pt	   striped	   nanostructures.	   Based	   on	   the	   established	   synthesis	  
procedures	  of	  Pt	  and	  TiO2	  nanostructures,	  a	  detailed	  account	  of	  the	  successful	  fabrication	  of	  1D	  TiO2/Pt	  
striped	  nanostructures	  are	  reported	  in	  chapter	  5.	  Lastly	  in	  chapter	  6,	  the	  photocatalytic	  functions	  of	  the	  
as-­‐prepared	   TiO2/Pt	   striped	   nanostructures	   are	   demonstrated;	   and	   the	   effects	   of	   its	   physical	   and	  
chemical	   properties	   on	   TiO2/Pt	   photocatalytic	   activities	   are	   examined.	   The	   opening	   of	   each	   result	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chapter	  comprises	  an	  introduction	  and	  a	   literature	  survey	  on	  the	  current-­‐state-­‐of-­‐art	  of	  the	  respective	  
subjects.	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Chapter	  2: Instrumentation	  and	  Characterization	  Technique	  
	  
2.1. Introduction	  
A	   large	   part	   of	   the	  work	   in	   this	   thesis	   is	   concerned	  with	   the	   analysis	   and	   characterization	   of	   TiO2/Pt	  
nanostructures	  synthesized	  using	  templated	  electrodeposition	  through	  the	  use	  of	  various	   instruments.	  
These	   involved	   structural,	   chemical	   and	   electrochemical	   analysis	   and	   optical	   absorption	   studies.	   The	  
results	   of	   the	   studies	   are	   described	   in	   chapter	   3	   to	   6.	   In	   this	   chapter,	   all	   of	   the	   characterization	  
techniques	   and	   synthesis	   methods	   used	   in	   this	   study	   are	   introduced,	   and	   the	   background	   on	   the	  
instrumentation,	  operation,	  and	  theory	  of	  each	  technique	  provided.	  
	  
2.2 Morphology	  
	  
2.2.1 Scanning	  Electron	  Microscopy	  (SEM)	  
	  
2.2.1.1 Operation	  and	  Instrumentation	  of	  SEM	  	  
	  
Scanning	   electron	  microscopy	   (SEM)	   is	   a	   technique	   used	   for	   the	   observation	   of	   sample	  
surfaces.	  Free	  electrons,	  produced	  by	  the	  thermionic	  emission	  gun,	  are	  focused	  into	  a	  fine	  
beam	  using	  a	  series	  of	  condenser	  lenses.	  The	  electron	  beam	  scans	  and	  interacts	  with	  the	  
sample	   to	  yield	   secondary	  electrons	  and	  backscattered	  electrons	  which	  are	  collected	  by	  
the	  respective	  detectors	  and	  amplified	  to	  produce	  an	  image.	  
	  
In	  this	  thesis,	  the	  FIB-­‐SEM	  (Carl	  Zeiss	  Auriga	  40)	  and	  the	  high	  resolution	  field	  emission	  gun	  
scanning	  electron	  microscope	  (FEG-­‐SEM)	  (LEO	  Gemini	  1525)	  were	  used	  in	  the	  imaging	  of	  
the	  morphology	  of	   the	  as-­‐prepared	  single-­‐segment	  TiO2/Pt	  and	  multi-­‐segmented	  TiO2-­‐Pt	  
nanostructures.	  	  
	  
2.2.1.2 Imaging	  Modes	  of	  SEM	  
	  
There	  are	  three	  imaging	  modes	  available	  in	  the	  SEM:	  the	  secondary	  electrons	  (SE)	  mode,	  
backscattered	   electrons	   (BSE)	   mode	   and	   In	   Lens.	   The	   energy	   of	   secondary	   electrons	   is	  
small	   (<	  50	  eV),	  hence	  the	  SE	  detector	  only	  collects	  those	  emitted	  from	  the	  top	  surface.	  
This	  means	  images	  collected	  in	  the	  SE	  mode	  are	  very	  sensitive	  to	  the	  surface.	  The	  In-­‐Lens	  
detector	   complements	   the	   SE	   detector	   for	   the	   imaging	   of	   samples	   at	   higher	   resolution	  
using	  shorter	  working	  distances	  (between	  the	  objective	  lens	  and	  the	  sample).	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Backscattered	  electrons	  arise	  as	  a	  result	  of	  the	  back	  scattering	  of	  the	  electrons	  from	  the	  
incident	   electron	   beam.	   Possessing	   higher	   energy	   than	   secondary	   electrons,	  
backscattered	   electrons	   interact	   deeper	   in	   the	   sample	   and	   the	   reflected	   electrons	   are	  
sensitive	   to	   the	  sample	  composition.	  A	  sample	  area,	  which	  consists	  of	  heavier	  elements	  
will	  produce	  a	  brighter	  image	  due	  to	  the	  higher	  intensity	  of	  the	  back	  scattered	  electrons.	  
The	  BSE	  mode	  hence	  shows	   large	  contrast	  between	  regions	  of	  Pt	  and	  TiO2	  owing	   to	   the	  
large	  difference	  in	  the	  atomic	  numbers	  of	  the	  elements.	  
	  
2.2.1.3 Sample	  Preparation	  
	  
When	   imaging	   charging	   occurs	   in	   non-­‐conductive	   or	   in	   samples	   with	   low	   conductivity	  
where	   the	   electrons	   are	   unable	   to	   flow	   through	   the	   material.	   Under	   continuous	  
irradiation	  by	  the	  electron	  beam,	  the	  sample	  surface	  accumulates	  electrons	  and	  becomes	  
negatively	  charged.	  This	  causes	  an	  image	  distortion	  as	  the	  position	  of	  the	  electron	  probe	  
shifts	   because	  of	   the	   repulsion	  between	   the	  electron	  probe	  and	   the	  negatively	   charged	  
surface.	  	  
	  
To	  minimise	  the	  effect	  of	  charging,	  non-­‐	  or	  low-­‐	  conductive	  samples	  are	  coated	  with	  a	  thin	  
film	  of	  highly	  conductive	  elements	  such	  as	  Au	  or	  Cr.	  A	  thin	  film	  of	  a	  few	  nm	  is	  coated	  on	  
the	  sample	  in	  order	  to	  maintain	  the	  original	  surface	  of	  the	  sample.	  For	  all	  SEM	  imaging	  of	  
samples	   consisting	   of	   TiO2,	   Cr	   is	   sputtered	   at	   75	   mA	   for	   2	   minutes	   using	   the	   Emitech	  
K575X	  turbo	  sputter	  coater.	  The	  nominal	  thickness	  of	  the	  Cr	  layer	  is	  300	  nm.	  	  
	  
2.2.2 Transmission	  Electron	  Microscopy	  (TEM)	  
	  
2.2.2.1 	  	  Operation	  and	  Instrumentation	  of	  TEM	  
	  
The	   transmission	  electron	  microscopy	   (TEM)	   is	   a	  more	   sophisticated	  electron	  microscope	  
compared	   to	   the	  SEM.	   It	  possesses	  a	  higher	  magnification	   level	  of	  up	   to	  50	  million	  and	  a	  
higher	  resolution	  of	  0.5	  angstroms,	  hence	  allowing	  closer	  examination	  of	  samples	  down	  to	  
the	  atomic	  scale.	  
	  
The	  TEM	  sample	  is	  prepared	  by	  depositing	  the	  specimen	  of	  interest	  on	  a	  thin	  copper	  mesh	  
grid	   transparent	   to	   the	  electron	  beam	  and	  placed	   in	   front	  of	   the	  objective	   lens.	  Electrons	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pass	   through	   the	   sample	   and	   a	   series	   of	   lenses,	   and	   are	   scattered	   and	   recombined	   to	  
produce	  diffraction	  patterns	  or	  images.	  	  
	  
The	  FEI	  TEM	  Titan	  80/300	  and	  JEOL	  2010	  TEM	  were	  used	   in	  the	  analysis	  of	   the	   interfaces	  
between	  segments	  of	  multi-­‐segmented	  TiO2-­‐Pt	  nanorods.	  
	  
2.2.2.2 Image	  Contrast	  in	  TEM	  
	  
Imaging	  contrasts	  in	  TEM	  uses	  techniques	  of	  mass-­‐thickness,	  phase	  and	  diffraction	  contrast.	  
In	   mass-­‐thickness	   contrasts,	   thinner	   regions	   (consisting	   of	   lower	   mass	   atomic	   elements)	  
appear	  brighter	   in	  the	   image.	  Phase	  contrast	  provides	   information	  about	  crystal	  order	  and	  
defects,	  while	  diffraction	  contrast	  can	  be	  used	  for	  the	  study	  of	  crystal	  defects.	  
	  
2.3 Chemical	  Analysis	  
	  
2.3.1 	  Energy-­‐dispersive	  X-­‐ray	  Spectroscopy	  (EDS)-­‐TEM	  
	  
2.3.1.1 Operation	  and	  Instrumentation	  of	  EDS	  
	  
Energy-­‐dispersive	   X-­‐ray	   spectroscopy	   (EDS)	   is	   a	   non-­‐destructive	   analytical	   technique	  
employed	   to	   identify	   specific	   elements	   present	   in	   the	   sample	   and	   their	   relative	  
proportions.	   With	   an	   x-­‐ray	   spectrometer	   added	   to	   the	   SEM	   and	   TEM,	   EDS	   element	  
mapping	  and	  point	  analysis	  can	  be	  performed	  on	  a	  chosen	  scanned	  area	  or	  point	  image	  of	  
a	  sample	  produced	  by	  electron	  microscopy.	  X-­‐ray	  analysis	  in	  the	  TEM	  provides	  qualitative	  
and	   quantitative	   analysis	   of	   samples	   with	   a	   spatial	   resolution	   down	   to	   the	   nanometer	  
scale.	  
	  
The	  four	  primary	  components	  in	  an	  EDS	  setup	  are	  the	  excitation	  source	  from	  electron	  or	  
x-­‐ray	   beam,	   the	   x-­‐ray	   detector,	   the	   pulse	   processor	   and	   the	   analyzer.	   Images	   of	   the	  
sample	  are	  provided	  by	  the	  electron	  beam	  excitation	  in	  the	  SEM	  and	  TEM.	  Characteristic	  
x-­‐rays	  of	  the	  material	  are	  emitted	  as	  a	  result	  of	  electron	  transitions	  between	  inner	  orbits	  
of	   the	   element	   and	   the	   x-­‐rays	   are	   collected	   by	   the	   detector,	   which	   convert	   the	   x-­‐ray	  
energies	   into	  voltage	  signals.	  These	  voltage	  signals	  are	  then	  read	  by	  the	  pulse	  processor	  
and	  analyzed	  by	  the	  pulse	  analyzer	  to	  produce	  output	  pulses	  proportional	  in	  height	  to	  the	  
x-­‐ray	  photon	  intensity	  at	  a	  specific	  wavelength.	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2.3.1.2 Qualitative	  EDS	  Analysis	  
	  
An	  EDS	  spectrum	  is	  commonly	  presented	  as	  a	  plot	  of	  the	  number	  of	  counts	  against	  the	  x-­‐
ray	   energy.	   Unknown	   elements	   in	   the	   sample	   can	   be	   easily	   identified	   by	  matching	   the	  
corresponding	  line	  energies	  in	  the	  x-­‐ray	  spectrum	  with	  those	  from	  the	  energy	  table.	  	  
	  
2.3.1.3 Quantitative	  EDS	  Analysis	  
	  
A	  quantitative	  EDS	  analysis	   can	  be	   carried	  out	  with	  or	  without	   a	   standard	  by	  using	  EDS	  
analysis	  software	  (in	  this	  case,	  INCA).	  In	  a	  standard	  analysis,	  the	  software	  first	  performs	  a	  
Gaussian	   fit	   of	   the	   elements,	   from	   which	   the	   area-­‐under-­‐the-­‐peak	   calculates	   the	  
respective	  elemental	  concentrations	  of	  the	  sample.	  The	  areas	  for	  each	  element	  are	  then	  
compared	   to	   the	   same	   elements	   in	   the	   calibration	   standards	   of	   known	   composition.	  
Standardless	   quantification	   is	   performed	   in	   a	   similar	   manner,	   except	   that	   instead	   of	  
measuring	   against	   a	   calibration	   standard,	   the	   software	   performs	   ZAF	   (atomic	   number-­‐
absorption-­‐fluorescence)	  corrections	  on	  the	  areas	  under	  the	  peaks.	  	  
	  
In	  general,	  EDS	  analysis	  software	  runs	  on	  an	  approximation	  where	  the	  primary	  generated	  
characteristic	   x-­‐ray	   intensities,	   Ii	   are	   proportional	   to	   the	   respective	  mass	   fraction	  of	   the	  
elements,	   Ci	   (equation	   2A).	   This	   originated	   from	   the	   theory	   proposed	   by	   Castaing	   [1],	  
which	  postulated	  a	  directly	  proportional	  relationship	  between	  the	  relative	  intensity	  of	  a	  x-­‐
ray	   line	   to	   the	   mass	   concentration	   of	   its	   respective	   element.	   This	   is	   based	   on	   an	  
assumption	   that	   the	   number	   of	   electrons	   ejected	   per	   atom	   due	   to	   electron	   excitation	  
equals	  the	  atomic	  number,	  which	  is	  in	  turn	  proportional	  to	  its	  atomic	  weight.	  	  
	  
Ci	  ∝	  Ii	   	  	  	  (Equation	  2A)	  
	  
The	  intensity	  and	  concentration	  of	  element	  i	  are	  then	  compared	  against	  a	  standard	  of	  the	  
same	   element	  with	   a	   generated	   intensity,	   I(i)	   and	   a	   known	   concentration,	   C(i)	   (equation	  
2B).	  The	  ratio	  of	  the	  intensities	  of	  the	  sample	  and	  standard	  is	  frequently	  known	  as	  the	  k-­‐
ratio	  (equation	  2C).	  	  
	  
	  
Ci	  /C(i)	  ∝	  Ii/I(i)	  	  	   (Equation	  2B)	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where	  Ii/IIi)	  =ki	   (Equation	  2C)	  
	  
To	  account	  for	  the	  energy	   lost	  through	  scattering	  of	  x-­‐rays	  and	  propagation	  through	  the	  
sample,	   a	   matrix	   correction	   factor	   for	   element	   i,	   [ZAF]i	   is	   added	   to	   equation	   2D.	   ZAF	  
consists	   of	   the	   atomic	   number	   correction,	   Z,	   the	   absorption	   correction,	   A,	   and	   the	  
florescence	  correction	  F.	  Given	  that	  ZAF	  is	  unknown	  and	  is	  dependent	  on	  the	  composition	  
of	   the	   sample	   (which	   is	   also	   an	   unknown	   before	   analysis),	   the	   analytical	   software	  
therefore	  performs	  an	  iteration	  to	  calculate	  the	  value	  of	  Ci.	  
	  
Ci	  /C(i)	  =	  ki	  [ZAF]I	   (Equation	  2D)	  
	  
2.3.1.4 Elemental	  Mapping	  
	  
An	   image	  produced	  by	   elemental	  mapping	   in	   the	   EDS	   shows	   the	   spatial	   distrubution	  of	  
elements	  present	  in	  a	  sample.	  It	  is	  particularly	  useful	  in	  displaying	  elemental	  distributions	  
in	  a	  sample	  consisting	  of	  varying	  elemental	  bulk	  compositions.	  	  	  	  
	  
By	  specifying	  the	  elements	  and	  the	  area	  of	   interest,	  the	  sample	   is	  scanned	  to	  produce	  a	  
digital	   image	  of	  each	  chosen	  element	  present.	  The	  map	  of	  each	  element	   is	  produced	  by	  
rastering	   the	   electron	   beam	   point	   by	   point	   over	   the	   area,	   and	   dots	   are	   progressively	  
formed	  as	  emitted	  x-­‐rays	  are	  detected.	  The	  resolution	  of	  the	  elemental	  map	  depends	  on	  
factors	   such	   as	   the	   beam	   size,	   how	   long	   the	   beam	   dwells	   on	   each	   point	   and	   the	  
concentration	   of	   the	   element	   in	   the	   sample.	   	   Compared	   to	   a	   simple	   line	   scan,	   element	  
maps	   are	  more	   informative	   as	   they	   provide	   a	  more	   accurate	   two-­‐dimensional	   image	  of	  
the	  chemical	  zones	  within	  the	  sample.	  	  
	  
2.3.2 X-­‐Ray	  Powder	  Diffraction	  (XRD)	  
	  
2.3.2.1 	  Operation	  and	  Instrumentation	  of	  XRD	  
	  
The	  most	  commonly	  used	  XRD	  diffraction	  instrument	  has	  measurement	  geometry	  as	  shown	  
in	   figure	   2-­‐1.	   Both	   the	   incoming	   and	   exiting	   beam	   has	   an	   angle	   of	  θ	   with	   respect	   to	   the	  
planar	  or	  flattened	  sample	  surface.	  By	  varying	  the	  angle	  of	  incidence	  of	  the	  incoming	  x-­‐ray	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beam	  by	  θ	  and	  the	  scattering	  angle	  by	  θ,	  a	  diffraction	  pattern	  is	  collected.	  Concurrently,	  the	  
scattered	  intensity	  is	  measured	  as	  a	  function	  of	  2θ.	  	  
	  
As	   indicated	   in	   figure	   2-­‐1,	   a	   goniometer	   comprises	   of	   at	   least	   two	   axes	   of	   rotation.	   The	  
sample	  is	  placed	  on	  the	  rotational	  axis	  while	  the	  x-­‐ray	  source	  and	  detector	  rotates	  along	  the	  
peripheral	  axis,	  with	  axes	  of	  rotation	  aligned	  with	  each	  other.	  	  
	  
Generally,	   there	  are	  two	  types	  of	  x-­‐ray	   instruments.	  One	   involves	  a	   fixed	  x-­‐ray	  source	  and	  
the	  rotation	  of	  the	  sample	  around	  θ,	  while	  the	  detector	  moves	  by	  2θ.	  Another	  requires	  the	  
sample	  to	  be	  fixed	  while	  both	  the	  x-­‐ray	  source	  and	  detector	  rotate	  by	  θ	  simultaneously	   in	  
opposite	   directions.	   These	   rotations	   are	   carried	   out	   by	   a	   goniometer.	   The	   D2	   phaser	  
(Bruker)	  XRD	  used	  predominantly	  in	  this	  study	  operates	  with	  the	  latter	  configuration.	  
	  
	  
	  
	  
Figure	  2-­‐1.	  Schematic	  representation	  of	  a	  basic	  θ/2θ	  measurement	  geometry	  in	  a	  x-­‐ray	  
diffraction	  instrument	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The	  interaction	  of	  x-­‐rays	  with	  the	  sample	  produces	  secondary	  diffracted	  x-­‐ray	  beams,	  which	  
relate	  to	  the	  interplanar	  spacings	  in	  the	  material	  according	  to	  Bragg’s	  Law,	  equation	  2E.	  	  
	  
2d	  sinθ=	  nλ	   (Equation	  2E)	  
where	  n	  is	  an	  integer	  
λ	  is	  the	  x-­‐rays	  wavelength	  	  
d	  is	  the	  interplanar	  spacings	  resulting	  in	  diffraction	  
θ	  is	  the	  diffracting	  angle	  	  
	  
Bragg	   diffraction	   occurs	   when	   x-­‐rays	   comparable	   to	   the	   atomic	   spacings	   of	   a	   crystalline	  
material	   scatter	   and	   undergo	   constructive	   interference	   as	   described	   in	   Bragg’s	   law.	   The	  
waves	   are	   scattered	   from	   the	   lattice	   planes	   at	   an	   angle	   θ,	   which	   are	   separated	   by	  
interplanar	  spacing,	  d.	  Since	   for	  constructive	   interference	   the	  difference	   in	  path	   length	  of	  
two	   waves	   is	   an	   integer	   multiple	   of	   the	   wavelength,	   n,	   constructive	   interference	   occurs	  
when	  nλ=	  2d	  sinθ,	  as	  shown	  in	  figure	  2-­‐2.	  
	  
	  
	  
Figure	  2-­‐2.	  Schematic	  diagram	  of	  Bragg	  diffraction	  where	  two	  beams	  with	  identical	  
wavelength	  and	  phase	  are	  incident	  on	  a	  crystalline	  material	  and	  are	  scattered	  off	  two	  
different	  atoms	  within.	  Constructive	  interferences	  of	  the	  waves	  result	  in	  waves	  with	  a	  path	  
difference	  of	  2d	  sinθ.	  
	  
	  
2.3.2.2 Sample	  preparation	  and	  XRD	  measurements	  
	  
X-­‐ray	   diffraction	   (XRD)	   was	   used	   in	   the	   identification	   of	   TiO2	   and	   Pt	   present	   in	   the	  
synthesized	   compounds;	   calculation	  of	   crystallite	   sizes	   from	   respective	   line	  profile	  widths;	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and	   quantification	   of	   the	   relative	   amounts	   of	   different	   phases	   present	   in	   the	   TiO2	  
nanostructures	  by	  use	  of	  peak-­‐ratio	  calculations.	  
	  
The	   D2	   Phaser	   (Bruker)	   was	   used	   for	   all	   XRD	   measurements	   of	   synthesized	   TiO2	   and	   Pt	  
compounds.	   The	   sample	   was	   prepared	   by	   grinding	   down	   the	   material	   to	   obtain	  
homogeneous,	  randomly	  distributed	  crystallites.	   It	  was	  then	  pressed	  onto	  a	  sample	  holder	  
into	  a	  smooth	  flat	  plane	  so	  as	  to	  ensure	  uniform	  distribution	  of	  crystallites	  contributing	  to	  a	  
given	  set	  of	  h,	  k,	  l	  planes.	  
	  
2.3.2.3 	  High	  Temperature	  X-­‐Ray	  Diffraction	  (HTXRD)	  
	  
High	   temperature	   X-­‐ray	   diffraction	   (HTXRD)	   is	   often	   employed	   to	   study	   the	   in-­‐situ	   phase	  
transformations	   of	   a	   compound	   and	   crystallite	   size	   changes	   that	   occur	   with	   annealing	  
temperatures.	   Powder	   XRD	   data	   of	   TiO2	   samples	   were	   obtained	   on	   a	   Philips	   X’pert	  
diffractometer.	   The	   TiO2	   sample	   (consisting	   of	   TiO2	   nanostructures	   dispersed	   on	   Au/glass	  
substrate)	  was	  mounted	  on	  a	  platinum-­‐heating	  strip	  connected	  to	  a	  thermocouple	  and	  the	  
data	  was	  collected	  in	  continuous	  mode.	  
	  
2.4 Electrochemical	  Deposition	  	  
	  
Electrochemical	   deposition	   is	   a	   technique	   used	   to	   deposit	   materials	   from	   their	   ions	   present	   in	   an	  
electrolyte	  and	   is	  based	  on	  three	  general	  principles,	   ion	  transport,	  electron	  transfer	  and	   incorporation	  
[2].	   In	   this	   thesis,	   electrodeposition	   is	   employed	   in	   the	   fabrication	   of	   all	   one-­‐dimensional	   (1D)	   single	  
segment	  TiO2/Pt	  and	  multi-­‐segmented	  TiO2-­‐Pt	  nanostructures	   in	   the	  pores	  of	   anodic	  aluminium	  oxide	  
membrane	   (AAM)	   templates	  using	  a	  potentiostat.	  The	   technique	  of	  electrodeposition	  using	   templates	  
such	  as	  AAM	  is	  more	  specifically	  known	  as	  templated	  electrodeposition.	  	  
	  
Industrially,	   electrodeposition	   may	   consist	   of	   a	   two-­‐electrode	   electrochemical	   cell	   system	   with	   a	  
cathode	   and	   an	   anode.	   The	   flow	   of	   electrons	   from	   the	   anode	   to	   the	   cathode	   results	   in	   a	   potential	  
difference	  across	   the	  electrochemical	   cell,	   otherwise	   known	  as	   the	   cell	   potential.	   The	   cell	   potential	   is	  
determined	  by	  the	  ability	  of	  the	  anode	  to	  be	  oxidized	  and	  the	  cathode	  to	  be	  reduced,	  which	  represents	  
the	   overall	   potential	   energy	   that	   drives	   the	   redox	   reactions.	   In	   this	   work,	   a	   three-­‐electrode	  
electrochemical	   cell	   system	   is	  employed	   for	   the	  electrodeposition	  of	  TiO2	  and	  Pt.	   The	   three-­‐electrode	  
cell	  system	  comprises	  of	  a	  working	  electrode	  (WE),	  counter	  electrode	  (CE)	  and	  reference	  electrode	  (RE)	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connected	   to	   the	   potentiostat,	   which	   allows	   for	   the	   reaction	   of	   interest	   to	   be	   focused	   at	   a	   single	  
interface.	  	  	  
	  
2.4.1 	  Potentiostat	  
	  
A	   potentiostat	   is	   an	   electronic	   instrument	   with	   two	   main	   functions.	   The	   first	   function	   is	   to	  
measure	  and	  control	  the	  voltage	  difference	  between	  the	  WE	  and	  RE;	  and	  the	  second	  function	  is	  
to	  measure	   the	   current	   flow	  between	   the	  WE	  and	  CE.	   This	   is	   achieved	   through	  an	  electronic	  
circuit,	  where	  the	  measurement	  resistance	  is	  altered	  to	  allow	  the	  current	  to	  be	  measured	  over	  
several	  orders	  of	  magnitude	  according	  to	  Ohm’s	  law	  (Equation	  2F).	  
	  
Eo=	  IoRv	  	   (Equation	  2F)	  
Where	  Eo	  is	  an	  output	  voltage	  of	  the	  potentiostat	  which	  is	  proportional	  to	  the	  current	  
Io	  is	  the	  electrochemical	  current	  of	  the	  potentiostat	  
Rv	  is	  the	  variable	  resistance	  of	  system	  
	  
In	   this	   study,	   electrodeposition	   is	   performed	   with	   the	   potentiostat/galvonostat	   instrument,	  
PGSTAT12	   using	   Autolab	   software.	   The	   most	   common	   modes	   of	   electrochemical	   cell	  
measurements	   that	   can	   be	   controlled	   using	   the	   potentiostat/galvonostat	   (PGSTAT)	   are	  
potentiostatic	  and	  galvonostatic.	   In	   the	  potentiostatic	  mode	  (figure	  2-­‐3),	   the	  PGSTAT	  controls	  
the	  potential	  of	  the	  counter	  electrode	  (CE)	  against	  the	  working	  electrode	  (WE),	  so	  as	  to	  achieve	  
the	   specified	   value	   of	   potential	   difference	   between	   the	   working	   electrode	   (WE)	   and	   the	  
reference	   electrode	   (RE).	   The	   corresponding	   output	   is	   current.	   In	   the	   galvonostatic	   mode,	  
current	   flow	  between	  the	  WE	  and	  CE	   is	  controlled,	  and	   the	  potential	  difference	  between	  the	  
WE	  and	  RE	  is	  continuously	  monitored.	  	  
	  
	  
	  
Figure	  2-­‐3.	  Schematic	  diagram	  representing	  potentiostatic	  mode	  where	  a	  potential	  step	  is	  
applied	  and	  the	  response	  is	  an	  observed	  i-­‐t	  curve.	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The	  basic	  circuit	  of	  the	  PGSTAT	  is	  shown	  in	  figure	  2-­‐4	  [3].	  The	  PGSTAT	  has	  three	  inputs	  from	  the	  
cell	  (WE,	  CE,	  RE)	  and	  works	  on	  a	  negative	  feedback	  mechanism.	  The	  flow	  of	  current	  through	  the	  
cell	  is	  directed	  and	  regulated	  by	  the	  control	  amplifier	  (CA)	  connected	  to	  the	  CE.	  Low	  currents	  are	  
measured	   by	   the	   Current	   Follower	   (LowCF),	   while	   high	   currents	   are	   measured	   by	   the	   Shunt	  
(highCR).	   A	   voltage	   follower	   employs	   the	   differential	   amplifier	   (Diffamp),	  which	   regulates	   the	  
output	   voltage,	   Eout,	   proportional	   to	   the	   potential	   difference	   between	   WE	   and	   RE.	   The	  
feedback	  of	  the	  PGSTAT	  switches	  from	  cell	  voltage	  signal	  or	  cell	  current	  signal	  according	  to	  the	  
mode	   (potentiostatic	   or	   galvonostatic)	   chosen.	   Together	   with	   the	   waveform	   set	   at	   Ein,	   the	  
chosen	  signal	  type	  is	  then	  fed	  into	  the	  Summation	  Point	  (∑),	  which	  is	  an	  input	  into	  the	  CA.	  	  	  	  
	  
	  
Figure	  2-­‐4.	  Basic	  circuit	  of	  a	  potentiostat/galvonostat	  (PGSTAT)	  
	  
	  
2.4.2 	  Setup	  of	  Electrochemical	  Cell	  
	  
Figure	   2-­‐5	   shows	   the	   setup	   of	   the	   three-­‐electrode	   electrochemical	   cell	   used	   in	   this	   study.	   It	  
consists	   of	   a	   counter,	   reference	   and	   working	   electrode	   used	   in	   conjunction	   with	   the	  
potentiostat.	   The	   counter	   electrode	   is	   an	   electrode,	   which	   is	   used	   to	   complete	   the	   current	  
circuit	  in	  the	  electrochemical	  cell.	  It	  is	  usually	  made	  of	  an	  inert	  conductor,	  in	  this	  case	  a	  platinum	  
mesh,	   which	   does	   not	   participate	   in	   the	   electrochemical	   reactions.	   The	   silver/silver	   chloride	  
Ag/AgCl	   (1	  M	   KCl)	   electrode	   with	   a	   well-­‐known	   electrode	   potential	   of	   +0.235	   V	   vs.	   standard	  
hydrogen	   electrode	   (SHE)	   is	   used	   as	   a	   reference	   electrode	   for	   potential	   control	   and	  
measurement.	   It	   possesses	   a	   high	   stability,	  which	   is	   reached	  by	   employing	   the	  Ag/AgCl	   redox	  
system	  consisting	  of	  species	  with	  constant	  concentrations.	  The	  electrochemical	  potential	  of	  the	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Ag/AgCl	   (1	  M	  KCl)	   reference	  electrode	   is	  kept	  constant	  by	  restricting	  current	   flow	  through	  the	  
electrode.	  The	  working	  electrode,	  typically	  a	  metal-­‐coated	  porous	  aluminium	  oxide	  membrane	  
(AAM)	  (figure	  2-­‐6)	  is	  the	  electrode	  in	  which	  the	  reaction	  of	  interest	  (e.g.	  deposition	  of	  TiO2	  and	  
Pt)	  occurs.	  It	  is	  coated	  with	  silver	  on	  one	  side	  to	  cover	  the	  pores	  and	  to	  make	  it	  conductive	  as	  a	  
working	  electrode.	  The	  silver-­‐coated	  side	  of	  the	  AAM	  is	  then	  placed	  on	  an	  extended	  metal	  plate	  
connected	  to	  the	  potentiostat.	  	  
	  
	  
	  
	  
Figure	  2-­‐5.	  Setup	  of	  electrochemical	  cell	  and	  electrodes	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Figure	  2-­‐6.	  SEM	  images	  of	  a	  blank	  aluminium	  oxide	  membrane	  (AAM)	  showing	  	  
A)	  cross-­‐section,	  B)	  top	  and	  C)	  bottom	  used	  as	  a	  working	  electrode	  in	  the	  templated	  
electrodeposition	  of	  1D	  nanostructures.	  
	  
2.4.3 	  Electrochemical	  Cell	  Technical	  Drawing	  
	  
The	   technical	   drawings	   of	   the	   electrochemical	   cell	   used	   are	   shown	   in	   figure	   2-­‐7	   and	   the	  
represented	  views	  are	  as	  labeled.	  The	  bottom	  views	  represent	  three	  individual	  cell	  bodies	  with	  
varying	  electrode	  exposure	  diameters	  of	  10	  mm,	  15	  mm	  and	  25	  mm,	  providing	  a	  deposition	  area	  
size	  of	  0.79	  cm2,	  1.77	  cm2	  and	  7	  cm2	  respectively.	  The	  technical	  drawings	  are	  provided	  by	  Simon	  
Teow	  Geck	  Heng	  using	  AutoCAD	  and	  the	  cell	  was	  constructed	  by	  Russell	  J.	  Stracey.	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Figure	  2-­‐7.	  Technical	  drawings	  of	  the	  electrochemical	  cell	  representing	  the	  whole	  cell,	  side	  and	  
bottom	  views	  
	  
2.5 Electrochemical	  Studies	  
	  
2.5.1 	  Cyclic	  Voltammetry	  –	  the	  Instrumentation	  
	  
Cyclic	   voltammetry	   (CV)	   is	   an	   electrochemical	   technique,	   which	   measures	   the	   current	   that	  
develops	   in	  an	  electrochemical	  cell,	  as	  a	   triangular	  waveform	  potential	   is	  being	  applied	   to	   the	  
working	   electrode,	   as	   shown	   in	   figure	   2-­‐8.	   In	   a	   forward	   scan	   according	   to	   figure	   2-­‐8,	   the	  
potential	  first	  scans	  negatively	  from	  a	  higher	  potential	  (a)	  to	  a	  lower	  potential	  (b).	  The	  switching	  
potential	   occurs	   at	   (d),	  where	   the	   voltage	   is	   sufficient	   to	  oxidize	  or	   reduce	   an	   analyte.	   This	   is	  
followed	  by	  a	  reverse	  scan	  from	  (d)	  to	  (g)	  to	  indicate	  a	  positive	  potential	  scan.	  In	  CV,	  a	  general	  
convention	   is	   adopted,	  where	   positive	   currents	   are	   anodic,	   while	   negative-­‐going	   currents	   are	  
cathodic.	   In	  general,	   the	  reproducibility	  of	  cyclic	  voltammetry	  depends	  on	  several	   factors	  such	  
as	  electrolyte	  purity,	  type	  of	  electrode	  material,	  choice	  of	  potential	  limits	  and	  the	  rate	  of	  change	  
of	  potential.	  The	  potential	  scan	  rate	  is	  commonly	  chosen	  to	  be	  greater	  than	  10	  mV	  s-­‐1,	  as	  slower	  
scan	   rates	  may	   cause	   perceptible	   de-­‐activation	   of	   the	   electrode	   surface	   [4].	   The	   scan	   rate	   is	  
defined	  by	   the	   slope	  of	   the	  potential-­‐time	  plot	   in	   figure	  2-­‐8.	  By	  measuring	   the	   current	   at	   the	  
working	  electrode	  during	  potential	  scans,	  a	  cyclic	  voltammogram	  is	  obtained.	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Figure	  2-­‐8.	  Potential-­‐time	  behavior	  at	  the	  working	  electrode	  by	  imposition	  of	  a	  triangular	  
waveform	  
	  
2.5.2 	  Cyclic	  Voltammogram	  –	  the	  Theory	  
	  
Figure	  2-­‐9	  displays	  a	  general	   cyclic	  voltammogram	  characteristic	  of	  a	   reversible	   reduction	  and	  
oxidation	  reaction	  of	  a	  single	  electrode	  according	  to	  equation	  2G.	  	  
	  
M+	  +	  e-­‐	  ↔	  M	   (Equation	  2G)	  
	  
In	   figure	  2-­‐9,	   the	  potential	   is	  scanned	  negatively	  to	  cause	  a	  reduction	  to	  occur	   from	  the	   initial	  
potential	  (a)	  to	  the	  switching	  potential	  (d).	  Point	  (c)	  represents	  the	  cathodic	  peak	  potential	  (Epc),	  
where	  all	  of	  the	  substrate	  at	  the	  surface	  of	  the	  working	  electrode	  has	  been	  reduced;	  and	  results	  
in	   a	   cathodic	   current	   Ipc.	   A	   positive	   scan	  occurs	   after	   the	   switching	  potential	   at	   (d),	  where	   an	  
oxidation	  reaction	  occurs	  from	  (d)	  to	  (g).	  The	  cycle	  can	  be	  repeated	  and	  the	  scan	  rate	  varied	  as	  
required.	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Figure	  2-­‐9.	  A	  general	  cyclic	  voltammogram	  of	  a	  reversible,	  single	  electron	  oxidation-­‐reduction	  
reaction	  
	  
Unlike	  in	  a	  reversible	  cyclic	  voltammetry,	  an	  irreversible	  cyclic	  voltammetry	  as	  shown	  in	  figure	  2-­‐
10	  reflects	  an	  asymmetrical	  between	  the	  oxidation	  and	  reduction	  peak.	  This	  asymmetry	   in	  the	  
CV	  wave	  may	  occur	  when	  an	  analyte,	  which	   is	  being	  reduced	  or	  oxidized	  on	  the	   forward	  scan	  
does	  not	  reoxidized	  or	  re-­‐reduced	  in	  a	  predicted	  way	  on	  the	  backward	  scan.	  The	  irreversibility	  of	  
the	  redox	  reactions	  is	  typically	  reflected	  in	  the	  CV	  scans	  shown	  in	  chapter	  4.	  	  	  
	  
	  
Figure	  2-­‐10.	  A	  cyclic	  voltammetry	  scan	  (20	  mV	  s-­‐1)	  showing	  an	  irreversible	  redox	  reaction	  
occurring	  at	  aluminium	  oxide	  membrane	  (area=0.79	  cm2)	  in	  pH	  3	  aqueous	  solution	  of	  
KNO3+H2O2	  	  
	   50	  
2.5.3 	  Cyclic	  Voltammetry	  Measurements	  
	  
Cyclic	  voltammetry	  studies	  were	  carried	  out	  using	  an	  AUTOLAB	  PGSTAT12	  instrument	  in	  a	  three-­‐
electrode	  cell	  consisting	  of	  Ag	  flat	  and	  silver-­‐coated	  AAM	  as	  the	  working	  electrodes,	  Pt	  mesh	  as	  
the	   counter	   electrode,	   and	   Ag/AgCl	   (1	  M	   KCl)	   as	   the	   reference	   electrode.	   All	   CV	   scans	   were	  
carried	  out	  at	  a	  scan	  rate	  of	  20	  mV	  s-­‐1.	  	  	  
	  
2.6 Optical	  Absorption	  Studies	  
	  
2.6.1. 	  Ultra-­‐violet-­‐visible	  (UV-­‐Vis)	  Spectroscopy	  
	  
UV	   measurements	   were	   taken	   using	   the	   UV-­‐Vis	   spectrometer	   (Perkin	   Elmer,	   Lamda	   Bio	   10).	  
Figure	   2-­‐11	   illustrates	   the	   general	   component	   parts	   of	   a	   UV-­‐Vis	   spectrometer.	   The	   UV-­‐Vis	  
spectrometer	  operates	  by	  providing	  a	  beam	  of	  monochromatic	  light	  to	  illuminate	  the	  sample.	  By	  
measuring	   the	   intensity	   of	   light,	  which	   passes	   through	   the	   sample	   (I)	   against	   the	   intensity	   of	  
light	  before	  it	  passes	  through	  the	  sample	  (IO),	  the	  ratio	  I/IO	  is	  the	  transmittance	  expressed	  as	  a	  
percentage	   (%T).	   Based	  on	   the	   transmittance,	   the	   absorbance	   (A)	   is	   related	   to	   the	  %T	  by	   the	  
expression,	  A=	  -­‐log	  (%T/100%)	  and	  the	  absorbance	  of	  the	  sample	  is	  directly	  proportional	  to	  the	  
concentration	   of	   the	   absorbing	   species	   in	   the	   solution	   and	   the	   path	   length	   according	   to	   the	  
Beer-­‐Lambert	   law.	   The	   output	   signal	   of	   the	   spectrometer	   is	   represented	   by	   a	   plot	   of	   the	  
absorbance	  on	  the	  vertical	  axis	  plotted	  against	  the	  wavelength.	  
	  
	  
	  
Figure	  2-­‐11.	  Schematic	  diagram	  of	  a	  UV-­‐Vis	  spectrometer	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2.6.2. 	  Design	  Setup	  for	  Rhodamine	  Degradation	  Studies	  
	  
The	  photoactivity	  of	  as-­‐prepared	  TiO2	  and	  TiO2/Pt	  nanorods	  were	  studied	  by	  measuring	  the	  rate	  
of	   decomposition	   of	   Rhodamine	   B	   (RhB)	   in	   solution	   using	   the	   UV-­‐vis	   spectrometer.	   The	  
photocatalytic	   reaction	   of	   each	   sample	   was	   carried	   out	   using	   the	   setup,	   designed	   in-­‐house,	  
shown	   in	   figure	  2-­‐12.	  The	  samples	  were	   immersed	   in	  RhB	  solution	   in	  a	  cuvette	  held	   in	  a	   fixed	  
position	  by	  the	  cuvette	  holder	  from	  a	  solar	  simulator	  irradiation	  source,	  a	  xenon	  lamp	  (LPS-­‐220,	  
Photon	  Technology	   International)	   providing	   a	   constant	   illumination	  of	   26.5	  µW	  cm-­‐2.	   IR	   filters	  
were	   placed	   in	   front	   of	   the	   light	   source	   to	   reduce	   the	   heat	   intensity	   passing	   through	   and	   to	  
prevent	  the	  sample	  from	  rapid	  heating.	  	  
	  
	  
	  
	  
Figure	  2-­‐12.	  A	  schematic	  setup	  consisting	  of	  a	  light	  supply	  and	  light	  box	  housing	  the	  samples	  and	  
filter	  lens	  used	  for	  absorption	  studies	  
	  
	  
	  
2.6.2.1. Light	  box	  and	  Box	  Lid	  Technical	  Drawings	  
	  
The	  technical	  drawings	  of	  the	  light	  box	  and	  box	  lid	  are	  shown	  in	  figure	  2-­‐13,	  where	  their	  
respective	   sides	  are	  as	   indicated.	  Both	   the	   light	  box	  and	   lid	   are	  made	  of	   steel.	  Holes	  of	  
diameter	  1	  mm	  were	  designed	  at	  the	  side	  of	  the	  light	  box	  and	  the	  top	  of	  the	  lid	  to	  prevent	  
heat	  from	  building	  up	  in	  the	  lightbox.	  The	  technical	  drawings	  are	  provided	  by	  Simon	  Teow	  
Geck	  Heng	  using	  AutoCAD	  and	  the	  light	  box	  was	  constructed	  by	  Mike	  Lennon.	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Figure	  2-­‐13.	  Technical	  drawings	  of	  the	  light	  box	  and	  box	  lid	  representing	  their	  side	  and	  top	  
views	  
	  
	  
2.6.2.2. Sample	  Holder/Cap	  Illustration	  
	  
A	   diagram	   showing	   the	   various	   perspectives	   of	   the	   sample	   holder/cap	   is	   illustrated	   in	  
figure	   2-­‐14	   and	   the	   position	   of	   the	   sample	   placement	   has	   been	   outlined.	   The	   sample	  
holder/caps	  were	  3-­‐D	  printed	  with	  the	  help	  of	  Reva	  Vaze	  and	  Gareth	  D	  M	  Morris.	  
	  
	  
	  
Figure	  2-­‐14.	  Diagram	  showing	  various	  perspective	  of	  the	  sample	  holder/cap	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2.6.2.3. Cuvette	  Holder	  Illustration	  
	  
A	  diagram	  of	  the	  cuvette	  holder	  is	  shown	  in	  figure	  2-­‐15.	  It	  functions	  to	  position	  2	  cuvettes	  
in	  fixed	  locations	  from	  the	  light	  source.	  The	  cuvette	  holder	  was	  3-­‐D	  printed	  with	  the	  help	  
of	  Reva	  Vaze.	  
	  
	  
	  
Figure	  2-­‐15.	  Diagram	  of	  the	  cuvette	  holder	  	  
	  
	  
2.6.3. 	  Integrating	  Sphere	  	  
	  
2.6.3.1. Operation	  and	  Instrumentation	  of	  Integrating	  Sphere	  	  
	  
An	   integrating	  sphere	   is	  an	  optical	  device	  consisting	  of	  a	  hollow	  spherical	  cavity	  covered	  
with	  a	  highly	  diffusing	  and	  highly	  reflective	  interior	  coating.	  It	  has	  port	  openings	  to	  allow	  
for	  light	  to	  enter	  and	  exit,	  and	  it	  is	  also	  where	  detectors	  and	  light	  sources	  are	  located.	  The	  
total	   area	   of	   the	   port	   openings	   are	   small	   and	   usually	   take	   up	   no	  more	   than	   5%	   of	   the	  
sphere	   surface	   area.	   Integrating	   sphere	   is	   commonly	   employed	   for	  optical,	   photometric	  
and	  radiometric	  measurements.	  	  
	  
Originating	  from	  the	  theory	  of	  radiation	  exchange	  within	  a	  spherical	  enclosure,	  light	  that	  
is	  incident	  on	  any	  point	  on	  the	  inner	  spherical	  surface	  are	  distributed	  equally	  to	  all	  other	  
points	   by	  multiple	   scattering	   reflections.	   This	   allows	   the	   accurate	  measure	   of	   the	   total	  
light	  intensity	  radiated	  in	  all	  angles	  and	  directions	  from	  the	  light	  source,	  through	  average	  
diffuse	   reflectance	  of	   the	   interior	   surface.	   	  The	  sum	  of	  all	   light	   intensity	   incident	  on	   the	  
small	  aperture	  of	  the	  input	  port	  is	  then	  collected	  and	  measured	  by	  a	  detector	  connected	  
to	   the	   integrating	   sphere.	   Spectroradiometers	   consisting	   of	   a	   detector	   coupled	   to	   a	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spectral	   separation	   device	   such	   as	   a	   diffraction	   grating	   monochromator	   provide	  
measurements	  of	  light	  as	  a	  function	  of	  wavelength.	  
	  
2.6.3.2. Reflectance	  and	  Transmittance	  of	  Materials	  
	  
The	   largest	   application	   for	   the	   integrating	   sphere	   is	   the	   reflectance	   and	   transmittance	  
measurements	   of	   diffuse	   or	   scattering	   materials.	   These	   measurements	   are	   commonly	  
performed	   spectrally,	   as	   a	   function	   of	   wavelength.	   To	   measure	   the	   transmittance	   of	   a	  
material,	  the	  sample	  is	  placed	  at	  the	  entrance	  port	  to	  the	  sphere	  as	  shown	  in	  figure	  2-­‐16	  
(A);	  while	  in	  reflectance	  measurements,	  the	  sample	  is	  placed	  at	  the	  port	  opening	  located	  
opposite	  the	  entrance	  port	  where	  the	  incident	  flux	  is	  reflected	  by	  the	  sample	  (figure	  2-­‐16	  
(B)).	  The	  detector	  then	  collects	  the	  total	  hemispherical	  reflectance	  consisting	  of	  both	  the	  
diffuse	  and	  specular	  reflections.	  	  
	  
	  
	  
Figure	  2-­‐16.	  Simplified	  illustration	  of	  the	  use	  of	  an	  integrating	  sphere	  for	  	  
A)	  transmittance	  and	  B)	  reflectance	  measurements	  
	  
	  
In	  this	  study,	  integrating	  sphere	  measurements	  were	  performed	  on	  freestanding	  arrays	  of	  
bi-­‐segment	  TiO2/Pt	  nanorods	  using	  an	   in-­‐built	   integrating	  sphere	  of	  the	  Cary	  5000	  series	  
UV-­‐vis-­‐NIR	  (Agilent	  Technologies).	  The	  sample	  area	  for	  analysis	  is	  approximately	  0.17	  cm2,	  
which	  is	  confined	  by	  the	  characteristic	  port	  opening	  diameter	  size	  of	  0.4	  cm.	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Chapter	  3: Synthesis	  of	  Pt	  Nanorods	  and	  Experimental	  Procedures	  	  
	  
3.1. Introduction	  
	  
3.1.1. Nano-­‐sized	  Pt	  catalysts	  
	  
For	  many	  years,	  platinum	  has	  played	  a	  key	  role	  as	  a	  noble	  metal	  catalyst	  for	  specific	  reactions	  
and	  in	  industrial	  applications.	  It	  has	  received	  considerable	  attention	  as	  an	  excellent	  catalyst	  in	  
areas	   such	   as	   the	   oxidation	   of	   harmful	   nitrogen	   oxides	   (NOx)	   and	   carbon	   monoxide	   (CO)	   in	  
diesel	   and	   gasoline	   engine	   exhausts	   [1,	   2];	   in	   the	   processes	   of	   hydrogenation	   [3]	   and	  
production	  of	  nitric	  acid	  [4];	  and	  as	  a	  critical	  electro-­‐catalyst	  for	  the	  oxygen	  reduction	  reaction	  
(ORR)	  and	  fuel	  oxidation	  reactions	  of	  hydrogen,	  methanol,	  ethanol	  and	  formic	  acid	  in	  the	  fuel	  
cell	  technology	  [5,	  6].	  	  	  
	  
As	   supply	   decreases	   and	   the	   gross	   demand	   for	   platinum	   grows,	   the	   price	   for	   platinum	  
continues	   to	   remain	   high	   at	   an	   average	   of	   US$	   1435	   per	   oz	   in	   2014	   [7].	   The	   high	   cost	   of	  
platinum	  presents	  an	  impediment	  to	  the	  commercialization	  of	  Pt	  catalysts,	  fuelling	  interests	  in	  
increasing	   its	   catalytic	   efficiency	   in	   order	   to	   reduce	   the	   amount	   of	   Pt	   required.	   One	   way	   of	  
meeting	   this	   challenge	   is	   to	   develop	   Pt	   catalysts	   of	   finer	   sizes	   such	   as	   nanoparticles	   and	  
nanostructures	  of	   Pt.	   By	   increasing	   the	   active	   surface	   area	  of	   Pt,	   the	   amount	  of	   noble	  metal	  
required	  decreases,	  thereby	  lowering	  the	  overall	  costs	  of	  applications	  involving	  Pt	  [8].	  
	  
The	  enhancement	  of	  the	  catalytic	  properties	  of	  Pt	  nanocrystals	  in	  catalytic	  and	  electrocatalytic	  
reactions	  can	  be	  evaluated	   in	   terms	  of	   its	   reactivity,	   selectivity	  and	   stability	   [9].	   Studies	  have	  
suggested	  that	  the	  shape	  of	  a	  Pt	  nanocrystal	  affects	  both	  its	  catalytic	  reactivity	  and	  selectivity.	  
Through	   studies	   of	   benzene	   hydrogenation	   on	   surface	   shape-­‐controlled	   cubic	   and	  
cuboctahedral	  Pt	  nanoparticles,	  Bratlie	  and	  co-­‐workers	  [10]	  noted	  that	  in	  contrast	  to	  the	  single	  
crystal	   Pt	   (100)	   in	   cubic	   particles,	   cuboctahedral	   particles	   with	   additional	   Pt	   (111)	   surfaces	  
promoted	  the	  production	  of	  cyclohexene.	  The	  surface	  activation	  energies	  and	  higher	  turnover	  
rates	  obtained	  from	  kinetic	  data	  and	  Arrhenius	  plots	  showed	  that	  a	  larger	  presence	  of	  edge	  and	  
corner	   atoms	   holds	   the	   key	   to	   the	   augmentation	   of	   benzene	   hydrogenation	   on	   Pt	   (111)	  
surfaces.	  Lim	  and	  co-­‐workers	  [8]	  tested	  multi-­‐octahedral	  Pt	  nanocrystals	  as	  electrocatalysts	  for	  
the	   oxygen	   reduction	   reaction	   in	   a	   proton	   exchange	  membrane	   fuel	   cell	   and	   found	   that	   the	  
multi-­‐octahedral	  Pt	  nanocrystals	  with	  preferential	  Pt	  (111)	  facets	  exposed	  exhibited	  enhanced	  
specific	  activity	  of	  2.7	  times	  that	  of	  the	  commercial	  Pt/C	  catalyst.	  Additionally,	  it	  was	  also	  found	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that	  its	  unique	  morphology	  enabled	  the	  multi-­‐octahedral	  Pt	  nanocrystals	  to	  retain	  its	  branched	  
structure	  without	  significant	  particle	  coarsening,	  thereby	  exhibiting	  greater	  durability.	  
	  
Besides	   Pt	   nanoparticles,	   one-­‐dimensional	   (1D)	   nanostructures	   of	   Pt	   have	   shown	   increased	  
catalytic	  activity	  and	  durability	   for	   fuel	   cell	   applications.	  As-­‐prepared	  platinum/platinum-­‐alloy	  
nanotubes	   by	   Chen	   and	   co-­‐workers	   [11]	   showed	   a	   higher	   mass	   activity	   and	   a	   significantly	  
higher	   specific	   activity	   than	   Pt/C	   catalysts,	   both	   of	   which	   are	   good	   indicators	   of	   an	  
electrocatalyst’s	   quality.	   Similarly,	   Pt	   nanorods	   comprising	   of	   high-­‐index	   Pt	   (311)	   facets	   also	  
exhibited	   better	   catalytic	   properties	   for	   a	   methanol	   selective	   oxidation	   reaction	   at	   low	  
temperature	  compared	   to	  3	  nm-­‐sized	  Pt	  nanoparticles	   [12].	  Not	  only	  does	  a	   rods	  anisotropic	  
morphology	  allow	  for	  preferential	  exposure	  of	  certain	  crystals	  facets	  for	  improved	  activity,	  but	  
also	  eliminates	  the	  need	  for	  a	  catalyst	  support	  and	  hence	  the	  loss	  of	  electrical	  contact	  between	  
the	  Pt	   catalysts	  and	   the	   support.	  By	   tuning	   their	  dimensions	  at	  multiple	   length	   scales	  and	   its	  
nanometer-­‐sized	  wall	  thickness,	  1D	  Pt	  nanostructures	  possess	  the	  potential	  to	  achieve	  an	  even	  
greater	   surface	   area,	   utilization,	   activity,	   stability	   and	  mass	   transport	   for	   enhanced	   catalytic	  
performance.	  	  
	  
3.1.2. Pt	  as	  Hydrogen	  Evolution	  Catalysts	  
	  
In	   the	   formation	   of	   hydrogen	   via	   a	   reduction	   process	   according	   to	   equation	   3A	   below,	   the	  
reduction	  of	   the	   stable	  oxidizing	  agent	  H+	   requires	   two	  electrons	  before	  a	   stable	   form	  of	   the	  
product,	  H2	  is	  achieved.	  
	  
2H+	  +	  2e-­‐	  !	  H2	  	   (Equation	  3A)	  
	  
This	  can	  be	  further	  represented	  in	  two	  steps:	  
	  
H+	  +	  e-­‐	  !	  H·∙	  	   (Equation	  3B)	  
2H·∙	  !	  H2	  	  	  	   (Equation	  3C)	  
	  
The	  intermediate	  radical	  H·∙	  represented	  in	  equation	  3B	  is	  highly	  unstable,	  its	  formation	  is	  highly	  
endothermic,	  resulting	  in	  a	  very	  low	  overall	  rate	  of	  reaction.	  	  
	  
According	   to	   the	  Volmer	   reaction,	   the	   catalytic	   role	  of	  Pt	   in	  H2	  production	   can	  be	   seen	   in	   its	  
ability	  to	  decrease	  the	  energy	  barrier	  of	  the	  H+/H2	  reduction	  reaction	  by	  formation	  of	  the	  Pt-­‐H	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complex	   in	   equation	   3D.	   This	   formation	   of	   Pt-­‐H	   complex	   is	   far	   more	   stable	   and	   less	  
endothermic	  than	  the	  formation	  of	  H·∙	  radical.	  	  
	  
Pt	  +	  H+	  +	  e-­‐	  !	  Pt-­‐H	   (Equation	  3D)	  
	  
The	  hydrogen	  in	  equation	  3D	  is	  strongly	  adsorbed	  to	  the	  surface	  of	  Pt.	  As	  H(ads)	  coverage	  of	  Pt	  
increases,	   H2	   formation	  may	   proceed	   by	   the	   following	   two	   proposed	  mechanisms:	   the	   Tafel	  
reaction	  (equation	  3E)	  or	  	  the	  Heyrovsky	  reaction	  (equation	  3F).	  	  
	  
Whether	  the	  Volmer-­‐Tafel	  mechanism	  or	  the	  Volmer-­‐Heyrovsky	  mechanism	  occurs	  depends	  on	  
factors	   such	   as	   the	   Pt-­‐H	   bond	   strength,	   pH	   conditions	   and	   the	   surface	   structure	   of	   the	   Pt	  
catalyst.	  In	  studying	  the	  H	  adsorption	  states	  on	  Pt	  (100)	  in	  sulphuric	  acid,	  Armand	  and	  Clavilier	  
[13]	  found	  weakly	  bonded	  H	  to	  participate	  in	  the	  hydrogen	  reactions	  at	  high	  potentials,	  while	  
strongly-­‐bonded	  H	  was	  presumed	  inert.	  Using	  infrared	  (IR)	  [14]	  and	  Raman	  spectroscopy	  [15],	  
Pt-­‐H	   vibration	   was	   identified	   on	   polycrystalline	   Pt	   in	   H2SO4,	   and	   it	   was	   proposed	   that	   this	  
weakly	  bonded	  H	  was	  used	   in	   the	  H2	  evolution.	  Conversely,	   there	  were	  no	  vibrational	   signals	  
from	  the	  strongly	  bonded	  H	  at	  high	  potentials,	  and	  it	  was	  thus	  proposed	  that	  this	  H	  was	  located	  
in	  or	  below	  the	  surface	  atom	  layer.	  Based	  on	  Tafel	  plots	  (electrode	  potential	  vs.	  log	  of	  current	  
density)	   for	  H2,	  a	  basic	  environment	  was	   found	  to	   facilitate	   the	  Volmer-­‐Tafel	  mechanism	  [16,	  
17],	   while	   Volmer-­‐Heyrovsky	   mechanism	   proceeded	   under	   acidic	   conditions	   [18].	   Further,	   it	  
was	   also	   revealed	   that	   different	   crystal	   faces	   of	   Pt	   differ	   in	   their	   activation	   energies,	   which	  
contributed	  overall	  to	  their	  difference	  in	  the	  sensitivity	  of	  H	  adsorption.	  Pt	  (110)	  had	  the	  lowest	  
activation	  energy	  on	  and	   facilitates	   the	  Volmer-­‐Tafel	  mechanism,	  while	  Pt	   (100)	  has	  a	  higher	  
activation	  energy	  resulting	  in	  the	  Volmer-­‐Heyrovsky	  mechanism	  [19]	  being	  dominant.	  
	  
H-­‐Pt-­‐Pt	  +	  H+	  +	  e-­‐	  	  !	  	  H-­‐Pt-­‐Pt-­‐H	  !	  2Pt	  +	  H2	  	   (Equation	  3E)	  
Pt-­‐H	  +	  H+	  +	  e-­‐	  !Pt	  +	  H2
	   	   	   	   (Equation	  3F)	  
	  
3.1.3. Electrochemical	  deposition	  of	  Pt	  
Platinum	  being	  one	  of	  the	  longest	  known	  and	  most	  studied	  of	  the	  six	  platinum	  group	  metals	  is	  
known	  to	  possess	  a	  high	  stability	  in	  its	  +4	  oxidation	  state.	  Compared	  to	  the	  simple	  Pt	  salts	  such	  
as	   PtCl4,	   less	   labile	   platinum	   complexes	   such	   as	   those	   of	   consisting	   of	   chlorides	   [PtCl6]
2-­‐	   and	  
ammines	   [Pt(NH3)2]
2+	  undergo	  smaller	  degree	  of	  hydrolysis,	   facilitating	  easy	  electrodeposition	  
of	   Pt	   from	   these	   simple	   coordination	   complexes	   [20].	   In	   the	   electrodeposition	   of	   Pt,	   a	   high	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current	  density	  is	  generally	  not	  used,	  as	  it	  is	  likely	  to	  lead	  to	  high	  hydrogen	  evolution	  because	  
of	  the	  good	  catalytic	  activity	  of	  freshly	  deposited	  Pt.	  	  
The	   versatility	   of	   being	   able	   to	   control	   operating	   parameters	   such	   as	   temperature,	   pH	   and	  
current	  density,	   as	  well	   as,	   the	   advantage	  of	   achieving	  Pt	  deposition	  down	   to	   a	   fraction	  of	   a	  
micron,	  enable	  Pt	  catalytic	  surfaces	  with	  a	  range	  of	  particle	  sizes	  and	  surface	  to	  be	  achieved	  via	  
electrodeposition	   [21].	   This	   is	   of	   prime	   importance,	   since	   Pt	   is	   a	   good	   catalyst	   for	   various	  
chemical	  and	  electrochemical	  reactions.	  	  
As	  a	  widely	  used	  hydrogen	  evolution	  catalysts,	  the	  electrodeposition	  of	  Pt	  as	  a	  photocathode	  to	  
various	  semiconductors	  has	  been	  widely	  studied	  in	  designing	  photoelectrochemical	  (PEC)	  cells	  
for	  photocatalytic	  water	  splitting.	  Parachinno	  and	  co-­‐workers	  [22]	   investigated	  a	  highly	  active	  
oxide	   photocathode	   consisting	   of	   cuprous	   oxide/Al-­‐doped	   zinc	   oxide/TiO2,	   activated	   for	  
hydrogen	   evolution	   using	   electrodeposited	   Pt	   nanoparticles	   from	   an	   aqueous	   solution	   of	  
hydrogen	  hexachloroplatinate	  (IV),	  H2PtCl6.	  Also	  using	  a	  similar	  precursor,	  Pt	  metal	  islets	  were	  
electrochemically	  deposited	  on	  p-­‐SiC	  surface	  and	  were	  used	  in	  the	  study	  of	  water-­‐splitting	  [23].	  	  
	  
3.2. Literature	  Review	  
	  
3.2.1. Templated	  Electrodeposition	  of	  One-­‐Dimensional	  Pt	  and	  Pt-­‐Based	  Nanorods	  
One-­‐dimensional	   (1-­‐D)	   nanostructures	   of	   Pt	   and	   Pt-­‐based	   materials	   have	   been	   the	   focus	   of	  
intense	   research	   and	   development	   due	   to	   their	   large	   surface	   area,	   unique	   electronic	   and	  
catalytic	   properties	   [24-­‐27].	   Compared	   to	   Pt	   nanoparticles,	   1-­‐D	   Pt	   nanostructures	   were	  
reported	   to	   exhibit	   higher	   electrocatalytic	   activities,	   and	   an	   increased	   stability	   to	   dissolution	  
and	  aggregation	  [28,	  29].	  
	  
A	  versatile	  method	  of	  fabricating	  1-­‐D	  Pt	  nanostructures	  is	  by	  templated	  electrodeposition	  using	  
anodic	   aluminium	   oxide	   membranes	   (AAM).	   Besides	   its	   low-­‐cost	   and	   convenient	   operation,	  
templated	   electrodeposition	   has	   the	   ability	   to	   control	   and	   confine	   the	   dimensions	   of	   the	   Pt	  
nanostructures.	   Through	   templated	   electrodeposition,	   a	   variety	   of	   Pt	   and	   Pt-­‐based	   1-­‐D	  
nanostructures,	   such	  as	  nanotubes,	  nanowires	  and	  nanorods	  with	  high	  uniformity	  and	  aspect	  
ratio	  have	  been	  reported	  [30-­‐32].	  	  	  	  
	  
In	   the	   preparation	   of	   arrays	   of	   Pt	   nanowires	   and	   nanotubes,	   Ponrouch	   and	   co-­‐workers	   [33]	  
have	  provided	  a	  detailed	  analysis	  on	  the	  effects	  of	  varying	  electrodeposition	  conditions	  such	  as	  
the	  Pt	  precursor	  concentration,	  the	  deposition	  potential,	  and	  the	  conductivity	  of	  the	  electrolyte	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on	  the	  resultant	  nanostructure.	  Drawing	  from	  the	  presence	  of	  hydrogen	  evolution	  limiting	  the	  
diffusion	   of	   PtIV	   species	   to	   the	   electrode	   occurring	   at	   -­‐0.3	   V	   (vs.	   SCE),	   Pt	   nanotubes	   were	  
observed	  at	  Vdep	  ≤	  -­‐0.3	  V.	  It	  was	  also	  suggested	  that	  limited	  diffusion	  of	  Pt
IV	  species	  and	  hence	  
number	  of	  Pt	  nucleation	  sites	  from	  a	  low	  Na2PtCl6	  precursor	  concentration	  of	  0.5	  mM	  and	  1.0	  
mM	   also	   resulted	   in	   the	   formation	   of	   Pt	   nanotubes.	   Also,	   a	   KCl-­‐free	   precursor	   solution	   was	  
found	  to	  be	  conducive	  to	  the	  growth	  of	  Pt	  nanotubes.	  	  	  	  	  
	  
Besides	   conventional	   factors	   such	   as	   the	   current	   density,	   operating	   mode	   and	   electrolyte	  
composition,	  the	  extent	  of	  pore	  coverage	  on	  the	  metalized	  side	  of	  the	  AAM	  was	  also	  found	  to	  
influence	   the	   structural	   outcome	   of	   templated	   Pt	   electrodeposition.	   	   In	   a	   growth	   model	  
proposed	   by	   Fu	   and	   co-­‐workers	   [31],	   Pt	   nanowires	   and	   nanotubes	   were	   electroplated	   using	  
0.01	   M	   platinum-­‐p-­‐salt	   (Pt(NH3)2(NO2)2)	   solution,	   and	   the	   formation	   of	   Pt	   nanotubes	   were	  
suggested	   to	  be	   the	  mediate	  state	   in	   the	  growth	  process	  of	  Pt	  nanowires.	   It	  was	  determined	  
that	  the	  growth	  of	  Pt	  nanowires	  or	  nanotubes	  largely	  depended	  on	  the	  overage	  of	  the	  Au	  metal	  
layer	   at	   the	   bottom	   of	   the	   AAM	   template	   (figure	   3-­‐1).	   A	   50%	   blocked-­‐AAM	   confined	   Pt	  
electroplating	   to	   the	   Au	   particles	   attached	   on	   the	   AAM	   inner	   walls	   (figure	   3-­‐1	   A),	   which	  
subsequently	  built	  up	  to	  form	  a	  nanotube	  structure.	  This	  was	  based	  on	  the	  assumption	  that	  the	  
Au	   particles	   had	   attached	   on	   the	   inner	   walls	   of	   the	   AAM	   during	   the	   sputtering	   process	   and	  
acted	   as	   an	   initial	   site	   for	   Pt	   deposition.	   In	   contrast,	   employment	   of	   80-­‐100%	   blocked-­‐AAM	  
through	  deposition	  of	  a	   thicker	  gold	   layer	  encouraged	  the	  growth	  of	  Pt	  nanowires	   (figure	  3-­‐1	  
B).	  	  
	  
	  
	  
Figure	  3-­‐1.	  Schematic	  diagram	  illustrating	  the	  electrodeposition	  of	  Pt	  in	  A)	  50%	  blocked	  and	  B)	  
80-­‐100%	  blocked	  AAM	  membrane	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At	   present,	   Pt-­‐metal	   alloy	   nanostructures	   are	   starting	   to	   generate	   interest	   because	   such	  
material	  enhances	  electrocatalytic	  activity	  and	  offer	   long-­‐term	  resistance.	  This	   is	  shown	  in	  Pt-­‐
based	   alloys	   such	   as	   Pt-­‐Rh	   and	   Pt-­‐Ru	   which	   prevent	   Pt	   from	   CO	   poisoning	   during	   oxygen	  
reduction;	   and	   in	   the	   marked	   improvement	   in	   the	   catalytic	   activities	   reported	   for	   Pt	   alloys	  
consisting	  of	  Rh	  and	  Au	   [34,	  35].	  There	  are	  a	   few	  reports	  on	   the	  synthesis	  of	  1-­‐D	  segmented	  
Pt/metal	  nanostructures	  via	  sequential	  electrodeposition	  into	  porous	  AAM	  and	  the	  advantages	  
of	  employing	  such	  unique	  structures	  has	  been	  discussed.	  According	  to	  Liu	  and	  co-­‐workers	  [36],	  
1-­‐D	   nanostructures	   of	   segmented	   Pt/metal	   is	   able	   to	   provide	   a	   more	   accurate	   and	   direct	  
comparison	  between	  the	   intrinsic	  activities	  of	  different	  Pt/metal	  pair	  sites.	  A	  comparison	  was	  
made	   between	   five-­‐segment	   nanorods	   consisting	   of	   a	   combination	   of	   Pt,	   Ru	   and	   Ni	   in	   a	  
methanol	   oxidation	   study,	   and	   results	   showed	   Pt-­‐RuNi	   pair	   sites	   to	   be	   the	  most	   catalytically	  
active	   and	   sustainable,	   followed	  by	   Pt-­‐Ru	   and	   Pt-­‐Ni	   sites.	   In	   another	   study,	   prior	   to	   this,	   the	  
same	  group	  had	  also	  demonstrated	  that	  the	  extent	  of	  the	  catalytic	  activity	  of	  multi-­‐segmented	  
PtNi	  nanorods	  is	   linearly	  related	  to	  the	  number	  of	  Pt-­‐Ni	  interfaces	  [37].	  In	  addition	  to	  possess	  
enhanced	   catalytic	   properties,	   1-­‐D	   segmented	   Pt-­‐metal	   nanostructures	   consisting	   of	   other	  
materials	   such	   as	   the	   Pt-­‐Ni	   [38,	   39]	   and	  Co-­‐Pt	   [39]	   segmented	  nanowires	   had	   also	   shown	   to	  
have	  better	  magnetic	  and	  magneto-­‐optic	  properties.	  
	  
Presently,	   there	   is	   limited	   work	   on	   the	   templated	   electrodeposition	   of	   1-­‐D	   Pt	   and	   Pt-­‐based	  
nanostructures	  using	  electrolytes	  consisting	  of	  chloride-­‐based	  Pt	  compound	  precursor,	  [PtCl6]
2-­‐	  
mostly	   in	   the	   form	   of	   hexachloroplatinic	   acid	   (H2PtCl6)	   [30,	   32,	   40,	   41]	   and	   sodium	  
hexachloroplatinate	  (Na2PtCl6)	  [42-­‐44].	  Pt	  precursor	  electrolytes	  of	  H2PtCl6	  are	  formed	  either	  by	  
the	  addition	  of	  HClO4	  as	  a	  supporting	  electrolyte,	  or	  the	  use	  of	  relatively	  high	  concentrations	  of	  
100	   mM	   HCl	   or	   1	   M	   boric	   acid	   for	   pH	   adjustment.	   Currently,	   reports	   on	   the	   templated	  
electrodeposition	  of	  Pt	  using	  Na2PtCl6	  are	   limited.	   In	  both	  works	  by	  Ponrouch	  and	  co-­‐workers	  
[33,	   42],	   1-­‐D	   Pt	   nanostructures	   were	   achieved	   from	   a	   precursor	   solution	   consisting	   of	   a	  
relatively	  low	  concentration	  of	  0.25	  mM	  to	  2.5	  mM	  Na2PtCl6,	  and	  a	  relatively	  high	  amount	  of	  10	  
mM	  HCl	  and	  100	  mM	  KCl.	  Except	  for	  the	  absence	  of	  KCl,	  Pt	  precursor	  solution	  were	  prepared	  in	  
a	   similar	   manner	   by	   Napolskii	   and	   co-­‐workers	   [44]	   by	   using	   a	   low	   concentration	   of	   10	   mM	  
Na2PtCl6	  and	  a	  high	  concentration	  of	  HCl.	  
	  
Current	  works	  on	  the	  electrodeposition	  procedures,	  characterization	  and	  application	  of	  1-­‐D	  Pt	  
and	  Pt-­‐based	  nanostructures	  provide	  us	  with	  the	  insight	  and	  understanding	  into	  fabricating	  1-­‐D	  
Pt	  nanorods.	  Initial	  preparation	  of	  the	  Pt	  precursor	  solution	  was	  adapted	  from	  two	  works	  [42,	  
44],	   both	  of	  which	  had	  employed	  Na2PtCl6	   as	   the	  Pt	  precursor,	   and	   the	  deposition	  potentials	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stated	  were	  also	  taken	  as	  points	  of	  reference.	  The	  composition	  of	  the	  Pt	  precursor	  solution	  was	  
then	  modified	  to	  consist	  of	  a	  much	  higher	  concentration	  of	  Na2PtCl6	  and	  a	  lower	  concentration	  
of	   HCl,	   which	   results	   in	   higher	   rate	   of	   Pt	   deposition	   and	   facilitates	   Pt	   deposition	   on	  
semiconductor	   (i.e.	   TiO2)	   respectively.	   For	   the	   first	   time,	   the	   successful	   templated	  
electrodeposition	   of	   1-­‐D	   Pt	   nanorods	   from	   a	   highly	   concentrated	   Pt	   precursor	   solution	   has	  
been	   reported.	   The	   Na2PtCl6	   stock	   solution	   is	   highly	   stable	   and	   lasts	   for	   multiple	  
electrodeposition	  cycles.	  	  
	  
In	   this	   chapter,	  we	   focus	   largely	   on	   the	   fabrication	  of	   Pt	   nanorods	   via	   electrodeposition	   into	  
porous	  AAM,	  and	   the	   structural	   and	   chemical	   analysis	  of	   these	  Pt	  nanorods,	   all	   of	  which	  are	  
necessary	   prior	   to	   building	   1-­‐D	   multi-­‐segmented	   Pt-­‐TiO2	   nanostructures.	   The	   established	  
synthesis	   procedures	   and	   characterization	   of	   the	   electrodeposited	   Pt	   nanorods	   in	   this	   work	  
contribute	   to	   the	   overall	   electrodeposition	   aim	   of	   achieving	   1-­‐D	   multi-­‐segmented	   Pt-­‐TiO2	  
nanostructures.	  	  	  
	  
3.3. Electro-­‐deposition	  of	  Pt	  from	  Sodium	  Hexachloroplatinate	  (IV)	  (NaPtCl6.6H2O)	  
	  
3.3.1. Materials	  	  
	  
Sodium	  hexachloroplatinate	  (IV)	  hexahydrate	  (Na2PtCl6·∙6H2O,	  Mr=561.87	  g/mol)	  was	  purchased	  
from	   Sigma-­‐Aldrich.	   Hydrogen	   peroxide	   (6%	  w/v	   H2O2),	   hydrochloric	   acid	   (HCl,	   12%	   v/v)	   and	  
nitric	  acid	  (69%	  HNO3)	  were	  obtained	  from	  BDH	  Laboratory	  Supplies.	  Methanol	   (Chromasolv®	  
Plus	   for	  HPLC	  ≥	  99.9	  %),	  hydrochloric	  acid	   (37%	  HCl)	  and	  sodium	  hydroxide	   (40	  %	  w/v	  NaOH)	  
were	   purchased	   from	   VWR	   and	   ammonia	   solution	   (35	   %,	   FW=17.05	   NH4OH)	   was	   purchased	  
from	  Fischer	  Scientific.	  Commercial	  Anopore®	  aluminium	  oxide	  hydrophilic	  membranes	  (AAM)	  
of	  diameters	  25	  and	  47	  mm	  with	  200	  nm	  nominal	  pore	  size	  were	  commercially	  available	  from	  
Whatman	  International	  Ltd.	  and	  were	  used	  directly	  for	  electrodeposition	  without	  prior	  cleaning	  
or	   pretreatment.	   Nanopure	   deionised	   water	   was	   used	   in	   all	   the	   experiments.	   All	   chemicals	  
were	  of	  analytical	  reagent	  grade	  and	  were	  used	  without	  further	  purification.	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3.3.2. General	  Experimental	  Practice	  
	  
3.3.2.1. Bath	  Solution	  Preparation	  of	  NaPtCl6.6H2O	  
The	   composition	   of	   Na2PtCl6,	   HCl	   and	   KCl	   were	   varied	   in	   concentration	   ratios	   of	  
[25:1:84],	  [25:5:84]	  and	  [25:1:0]	   in	  order	  to	  study	  its	  effects	  on	  Pt	  electrodeposition.	  A	  
typical	  Pt	  electrolyte	  was	  prepared	  by	  mixing	  25	  mM	  of	  aqueous	  Na2PtCl6·∙6H2O	  with	  1	  
mM	  aqueous	  HCl	  and	  left	  to	  stir	  for	  approximately	  1	  hour	  before	  use.	  The	  solution	  has	  a	  
resultant	  pH	  of	  approximately	  3	   to	  4,	  which	   is	  non-­‐corrosive	  and	  hence	  will	  not	  cause	  
etching	   of	   the	   AAM	   during	   electrodeposition.	   This	   Pt	   electrolyte	   was	   used	   for	   all	  
depositions	  of	   Pt	  unless	  otherwise	   specified.	  The	   side	  of	  AAM	  with	   smaller	  pores	  was	  
sputtered	  with	  silver	  of	  approximately	  200	  nm	  using	  a	  silver	  target	  57	  mm	  x	  1	  mm	  thick	  
(Quorum	  Technologies	  Ltd)	  and	  Emitech	  K575X	  turbo-­‐pumped	  sputter	  coater.	  	  
	  
3.3.2.2. Method	  of	  Templated	  Electrodeposition	  of	  Pt	  Nanorods	  
Pt	   is	   electrodeposited	   into	   the	   AAM	   using	   the	   Pt	   bath	   solution	   by	   applying	   two	  
potentiostatic	   steps	   of	   -­‐0.4	   V	   (vs.	   Ag/AgCl,	   1	  M	   	   KCl)	   for	   20	   s	   followed	   by	   -­‐0.2	   V	   (vs.	  
Ag/AgCl,	  1	  M	   	  KCl)	   for	   the	  remaining	  deposition	  time	  as	  required,	  using	  a	  potentiostat	  
(Autolab,	  PGSTAT12).	  A	  standard	  three	  electrode	  single	  compartment	  cell	  was	  used	  with	  
the	   silver	   sputtered	   side	   of	   AAM	   serving	   as	   a	  working	   electrode,	   a	   Pt	  wire	  mesh	   as	   a	  
counter-­‐electrode	  and	  an	  Ag/AgCl	  (1	  M	  KCl)	  as	  a	  reference	  electrode.	  
	  
3.3.2.3. Method	  of	  Releasing	  Pt	  Nanorods	  From	  Aluminium	  Oxide	  	  	  	  	  	  	  
Membrane	  (AAM)	  
	  
To	  obtain	  free-­‐standing	  films	  of	  Pt	  nanorods	  on	  silver,	  Pt-­‐filled	  AAM	  is	  suspended	  on	  the	  
solution	  surface	  of	  3	  M	  NaOH	  for	  1	  h	  to	  etch	  off	  the	  AAM	  and	  then	  rinsed	  gently	  with	  DI	  
water.	  The	  suspension	  procedure	  of	   the	  Pt-­‐filled	  AAM	  on	  3	  M	  NaOH	  consists	  of	   firstly	  
sealing	  the	  metal-­‐sputtered	  side	  of	  the	  AAM	  with	  epoxy	  and	  attaching	  a	  string	  (approx.	  
length	   of	   1-­‐2	   cm),	   followed	   by	   floating	   the	   sample	   on	  NaOH	   solution	  with	   the	  metal-­‐
sputtered	   side	   of	   the	   AAM	   facing	   upwards.	   Attachment	   of	   the	   string	   to	   the	   sample	  
enables	  easy	  removal	  of	  the	  sample	  from	  NaOH	  solution	  after	  etching.	  Free	  Pt	  nanorods	  
are	  released	  by	  first	  etching	  off	  the	  silver	  sputtered	  layer	  by	  treating	  the	  AAM	  with	  an	  
etching	  solution	  consisting	  of	  methanol,	  30%	  ammonium	  hydroxide	  and	  30%	  hydrogen	  
peroxide	   (5:1:1	   v/v/v)	   until	   all	   the	   silver	   has	   been	   completely	   removed,	   followed	   by	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dissolving	  the	  aluminium	  oxide	  in	  3	  M	  NaOH	  solution	  [45].	  The	  obtained	  Pt	  nanorods	  are	  
centrifuged	   at	   2000	   RPM	   for	   15	   min	   and	   finally	   dispersed	   in	   deionised	   water	   by	  
sonication	  repeatedly	  for	  3	  cycles.	  	  	  
	  
3.3.3. Results	  and	  Discussion	  
	  
3.3.3.1. Optimization	  of	  Pt	  nanorods	  synthesis	  
	  
3.3.3.1.1. Effect	  of	  Species	  Concentration	  
The	  deposition	   conditions	   and	  Pt	   precursor	   concentrations	   of	   previous	  works	  
[42,	  44]	  were	  developed	  and	  modified	  in	  an	  attempt	  to	  fabricate	  homogeneous	  
Pt	  nanorods	  in	  the	  AAM.	  As	  aqueous	  electrolytes	  of	  Pt	  complex	  compounds	  are	  
more	   stable	   than	   Pt	   simple	   salts	   due	   to	   their	   smaller	   degree	   of	   hydrolysis,	  
Na2PtCl6	  was	  chosen	  as	  a	  Pt	  precursor	  in	  all	  the	  experiments	  [46].	  The	  Na2PtCl6	  
concentration	   of	   25	  mM	   used	   in	   this	   study	   is	   approximately	   2.5	   times	  more	  
concentrated	   than	   the	   maximum	   concentration	   of	   10	   mM	   used	   in	   existing	  
literatures,	  and	  it	  is	  the	  highest	  concentration	  reported	  so	  far	  for	  the	  templated	  
electrodeposition	  of	  Pt.	  	  
	  
A	  Pt	  precursor	  stock	  solution	  consisting	  of	  Na2PtCl6,	  1-­‐5	  mM	  HCl	  and	  84	  mM	  KCl	  
was	  found	  to	  be	  unstable	  as	  precipitation	  was	  observed	  after	  approximately	  24	  
h.	  Conversely,	  a	  highly	  stable	  Pt	  precursor	  stock	  solution	  was	  prepared	   in	   the	  
absence	   of	   KCl.	   To	   investigate	   the	   contribution	   of	   KCl	   and	   HCl	   towards	   the	  
electrodeposition	  of	  Pt,	   the	  amount	  of	  HCl	  and	  KCl	  were	  varied.	   It	  was	   found	  
that	  Pt	  precursor	  solutions	  consisting	  of	  Na2PtCl6,	  HCl	  and	  KCl	  in	  concentration	  
ratios	   of	   [25:1:84]	   and	   [25:5:84]	   resulted	   in	   Pt	   nanorod	   growth	   with	   high	  
variation	  in	  lengths	  as	  seen	  in	  figure	  3-­‐2	  A	  and	  3-­‐2	  B	  respectively.	  	  
	  
A	  more	  detailed	  comparison	  between	  the	  Pt	  nanorods	  in	  figure	  3-­‐2	  A	  and	  3-­‐2	  B	  
suggests	  that	  an	   increased	  HCl	  concentration	   in	  the	  presence	  of	  KCl	  produced	  
relatively	  less	  uniform	  Pt	  nanorods	  in	  the	  AAM.	  However	  in	  the	  absence	  of	  KCl	  
at	  [25:1:0],	  the	  growth	  of	  Pt	  nanorods	  in	  the	  AAM	  had	  smaller	  length	  variation,	  
evident	   from	   the	   uniformity	   of	   the	   free-­‐standing	   Pt	   nanorods	   in	   figure	   3-­‐2	   C	  
and	  3-­‐2	  D.	  Considering	  all	  these	  factors,	  a	  Pt	  precursor	  solution	  of	  [25:1:0]	  was	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found	  to	  provide	  the	  best	  electrolyte	  conditions	  for	  the	  homogeneous	  growth	  
of	  Pt	  nanorods	  in	  the	  AAM.	  
	  
Here,	   it	   is	   concluded	   that	   the	   electrodeposition	   of	   Pt	   does	   not	   necessarily	  
require	   KCl	   as	   a	   supporting	   electrolyte,	   and	   that	   a	   Pt	   precursor	   solution	  
consisting	  of	  solely	  Na2PtCl6	  and	  a	  lower	  concentration	  of	  HCl	  (than	  previously	  
reported)	   provide	   sufficient	   conductivity	   for	   Pt	   electrodeposition.	   Moreover,	  
more	   uniform	  Pt	   deposits	   and	   a	   stable	   stock	   solution	  were	   achieved	  without	  
KCl.	  While	  Pt	  nanotubes	  were	  observed	  by	  Ponrouch	  and	  co-­‐workers	  [42]	  in	  the	  
absence	   of	   KCl,	   in	   this	   study	   highly	   dense	   Pt	   nanorods	   were	   successfully	  
achieved	  under	  similar	  conditions.	  
	  
	  
	  
Figure	  3-­‐2.	  Backscattered	  SEM	  images	  of	  Pt	  nanorods	  grown	  in	  the	  pores	  of	  
AAM	  at	  a	  two	  step	  voltage	  of	  [-­‐0.4	  V/20	  s,	  -­‐0.2	  V/3580	  s]	  (vs.	  Ag/AgCl,	  1	  M	  KCl	  at	  
25	  oC)	  and	  employing	  a	  [PtCl6]
2-­‐
	  precursor	  solution,	  HCl	  and	  KCl	  in	  their	  
respective	  concentration	  ratios	  of	  A)	  [25:1:84],	  B)	  [25:5:84]	  and	  C)	  [25:1:0],	  (i)	  
inset	  shows	  free-­‐standing	  Pt	  nanorods	  released	  from	  AAM	  
	  
In	   order	   to	   qualitatively	   explain	   the	   effect	   of	   species	   concentration	   in	   the	  
preparation	  of	  the	  [PtCl6]
2-­‐
	  solution,	  as	  well	  as,	  in	  the	  optimum	  concentration	  of	  
	   66	  
[25:1:0],	   the	  equilibrium	  equations	   involving	   the	  electrochemical	  deposition	  of	  
Pt	   are	   considered	   [47].	   At	   lower	   HCl	   concentrations,	   the	   overall	   equilibrium	  
shifts	   strongly	   to	   the	   right	  as	   seen	   in	  equations	  3G	  and	  3H.	  The	  equilibrium	   is	  
further	   shifted	   right	   by	   a	   sufficiently	   high	   concentration	   of	   [PtCl6]
2-­‐
	   precursor,	  
overall	  favouring	  uniform	  Pt	  deposition	  across	  the	  pores	  of	  the	  AAM.	  
	  
[PtCl6]
2-­‐+2e-­‐	  ↔	  [PtCl4]
2-­‐+2Cl-­‐	   	  Eo=0.485V	  vs.	  SCE	  	  	  (Equation	  3G)	  
[PtCl4]
2-­‐+2e-­‐	  ↔	  Pt+4Cl-­‐	   	   	  Eo=0.517V	  vs.	  SCE	  	  (Equation	  3H)	  
	  
3.3.3.1.2. Effect	  of	  Deposition	  Voltage	  
A	   comparison	  of	   the	   charge	  efficiencies	  of	   Pt	   deposition	   at	   varying	   deposition	  
voltages,	   as	   plotted	   in	   figure	   3-­‐3,	   suggests	   that	   there	   exists	   an	   optimum	  
operating	   voltage	   for	   the	   deposition	   of	   Pt	   inside	   the	   pores	   of	   the	   AAM.	   An	  
estimated	   %	   charge	   efficiencies	   were	   calculated	   using	   ratios	   of	   the	   average	  
experimental	   lengths	   of	   the	   Pt	   nanorods	   (averaged	   over	   50	   Pt	   nanorods	  
measured	  from	  figure	  3-­‐3)	  electrodeposited	  at	  applied	  voltages	  of	  -­‐0.1	  V,	  -­‐0.2	  V,	  
-­‐0.3	  V	  and	  -­‐0.5	  V	  for	  a	  total	  of	  0.5	  h;	  and	  theoretical	  lengths	  calculated	  from	  the	  
modified	  Faraday’s	   law	   (equation	  3I)	  based	  on	   the	  measured	  current	  densities	  
at	   each	   voltage.	   It	   is	   assumed	   that	   at	   100%	   charge	   efficiency,	   all	   the	   input	  
charges	   are	   used	   in	   the	   reduction	   of	   [PtCl6]
2-­‐
	   to	   Pt	   metal	   in	   the	   pores	   of	   the	  
AAM.	  	  
	  
Modified	  Faraday	  law	  of	  electrolysis	  relating	  nanorod	  length	  to	  charge:	  	  
	  
L=	  4QM/Fzρπd2	  	   (Equation	  3I)	  
Where	  Q=	  Total	  charge	  passed	  	  
M=	  Molar	  mass	  of	  substance	  
F=	  Faraday’s	  constant,	  96486	  C	  mol-­‐1	  
z=	  Number	  of	  e-­‐	  transferred	  per	  mole	  of	  substance	  produced	  
	  
A	   comparison	  between	   the	  actual	   length	  of	  Pt	  nanorods	   (averaged	  over	  50	  Pt	  
nanorods	  measured	   from	   its	   respective	  SEM	   images	   in	   figure	  3-­‐3	  A-­‐F)	  and	   the	  
theoretical	  Pt	  length	  derived	  from	  deposition	  transients	  (figure	  3-­‐4)	  suggest	  the	  
existence	   of	   a	   Faraday	   charge	   efficiency	   in	   the	   deposition	   of	   Pt	   (figure	   3-­‐3).	  
Derivations	  of	  the	  plot	  and	  error	  bars	  in	  figure	  3-­‐3	  are	  shown	  in	  appendix	  3-­‐1.	  A	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less	  than	  100%	  charge	  efficiencies	  of	  Pt	  deposition	  at	  operating	  voltages	  of	  -­‐0.1	  
V	  to	  -­‐0.5	  indicates	  charge	  losses,	  which	  may	  be	  attributed	  to	  H2	  evolution	  from	  
the	   surface	   of	   the	   freshly	   deposited	   Pt	  metal	   in	   each	   AAM	   pore.	   The	   highest	  
charge	  efficiency	  of	  33%	  was	  achieved	  at	  an	  operating	  voltage	  of	   -­‐0.2	  V.	  From	  
the	   backscattered	   SEM	   images	   of	   the	   Pt	   nanorods/AAM	   deposited	   at	   the	  
respective	   voltages	   in	   figure	   3-­‐3,	   Pt	   nanorods	   deposited	   at	   -­‐0.1	   V	   and	   -­‐0.2	   V	  
showed	  the	  most	  uniform	  growth	  (figure	  3-­‐3B);	  which	  is	  in	  good	  agreement	  with	  
their	  standard	  deviation	  values	  of	  7	  %	  and	  9	  %.	  	  
	  
From	  the	  analysis,	  both	  -­‐0.1	  V	  and	  -­‐0.2	  V	  would	  seem	  the	  optimal	  voltages	  for	  
the	  deposition	  of	  the	  Pt	  nanorods.	  However	  a	  deposition	  of	  -­‐0.2	  V	  was	  chosen	  
for	  subsequent	  growth	  of	  Pt	  nanorods	  in	  this	  study	  because	  of	  its	  higher	  charge	  
efficiency.	   It	   should	   be	   noted	   that	   the	   %	   charge	   efficiency	   at	   -­‐0.6	   V	   was	   not	  
taken	   into	   account.	   This	   is	   because	   of	   faults	   that	   had	   developed	   within	  
segments	  of	  the	  Pt	  nanostructures	  in	  the	  AAM	  pores	  (figure	  3-­‐3F)	  as	  a	  result	  of	  
an	   increased	   rate	   of	   H2	   evolution	   on	   the	   Pt	   surfaces	   at	   this	   more	   negative	  
voltage,	   thereby	  making	  quantification	  of	   the	  nanorod	   lengths	  difficult.	   This	   is	  
shown	   evidently	   from	   its	   corresponding	   deposition	   transient	   in	   figure	   3-­‐4F,	  
where	   unlike	   currents	   at	   deposition	   voltages	   less	   negative	   than	   -­‐0.6	   V,	  
increasing	  currents	  observed	  at	  -­‐0.6	  V	  (figure	  3-­‐4F)	  may	  be	  characterized	  by	  an	  
increased	  reaction	  of	  H2	  evolution.	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Figure	  3-­‐3.	  Plot	  of	  approximate	  %	  charge	  efficiencies	  of	  Pt	  nanorods	  deposition	  
(averaged	  over	  50	  Pt	  nanorods)	  as	  a	  function	  of	  applied	  voltages	  (vs.	  Ag/AgCl,	  1	  
M	  KCl	  at	  25	  oC).	  Backscattered	  SEM	  images	  A-­‐F	  corresponds	  to	  respective	  points	  
labeled	  on	  the	  plot.	  Point	  F	  on	  the	  plot	  was	  omitted	  due	  to	  faults	  occurring	  
within	  Pt	  nanorods.	  (Derivation	  of	  plot	  and	  error	  bars	  shown	  in	  appendix	  3-­‐1)	  	  
	   69	  
	  	  	  	   	  
Figure	  3-­‐4.	  Current-­‐time	  plots	  for	  deposition	  of	  Pt	  nanorods	  in	  porous	  AAM	  at	  
deposition	  voltages	  of	  a)	  –0.1	  V,	  b)	  -­‐0.2	  V,	  c)	  -­‐0.3	  V,	  d)	  -­‐0.4	  V,	  e)	  -­‐0.5	  V	  and	  f)	  -­‐0.6	  
V	  (vs.	  Ag/AgCl,	  1	  M	  KCl	  at	  25	  oC)	  indicating	  total	  charge	  passed	  of	  1.49	  C,	  1.85	  C,	  
1.88	  C,	  2.13	  C,	  2.64	  C,	  2.54	  C,	  with	  expected	  Pt	  nanorod	  lengths	  of	  5.64	  µm,	  7.02	  
µm,	  7.13	  µm,	  8.03	  µm	  and	  10.02	  µm	  respectively	  
	  
	  
3.3.3.2. ‘Lifetime’	  of	  Pt	  Precursor	  Solution	  
As	   with	   solutions	   consisting	   of	   transition	   compound	   metals	   such	   as	   [PtCl6]
2-­‐,	   such	  
solutions	  are	  unstable	  due	  to	  the	  spontaneous	  hydrolysis	  of	  Pt-­‐Cl	  bonds	  occurring	  at	  pH	  
>	  2.0-­‐2.2	  [46,	  48].	  A	  recent	  and	  commonly	  cited	  hydrolysis	  pathway	  of	  [PtCl6]
2-­‐	  had	  been	  
proposed	   by	   Sillen	   and	   Martell	   [49],	   where	   at	   low	   pH,	   chloride	   may	   be	   replaced	   by	  
water	  in	  two	  hydrolysis	  steps	  according	  to	  equations	  3J	  and	  3K:	  
	  
[PtCl6]
2-­‐+H2O	  ↔[PtCl5(H2O)]
1-­‐+Cl-­‐	   	   (Equation	  3J)	  
[PtCl5(H2O)]
1-­‐	  +	  H2O↔[PtCl4(H2O)2]
0+Cl-­‐	   	   (Equation	  3K)	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In	   contrast,	   a	   clear	   and	   stable	   [PtCl6]
2-­‐	   precursor	   stock	   solution	   of	   [25:1:0]	   was	  
successfully	   prepared	   in	   this	   study.	   The	   concentration	   of	   [PtCl6]
2-­‐	   used	   in	   this	   study	   is	  
approximately	   14	   000	   ppm,	   in	  which	   at	   such	   high	   concentration,	   hydrolysis	   is	   greatly	  
reduced.	   Here,	   the	   concentration	   used	   is	   much	   higher	   than	   those	   in	   the	   current	  
literatures	   of	   200	   to	   2000	   ppm,	   in	  which	   it	   was	   found	   that	   the	   chlorine	   coordination	  
number	   in	   [PtCl6]
2-­‐	   varies	   linearly	   from	   approximately	   3	   to	   6	   over	   a	   [PtCl6]
2-­‐	  
concentration	  of	  200	  to	  2000	  ppm	  [48].	  	  
	  
Additionally,	   the	   presence	   of	   a	   high	   concentration	   of	   Na2PtCl6·∙6H2O	   enabled	   the	   Pt	  
electrolyte	  stock	  solution	  to	  be	  reused.	  Iteration	  was	  performed	  to	  estimate	  the	  number	  
of	   times	   a	   precursor	   solution	   of	   Na2PtCl6·∙6H2O	   can	   be	   reused	   before	   the	   initial	  
concentration	   starts	   to	   fall	   below	   100	   %,	   which	   is	   denoted	   by	   x.	   The	   calculations	   (in	  
appendix	  3-­‐1)	  revealed	  a	  large	  theoretical	  value	  of	  109,	  ideally	  suggesting	  that	  the	  PtCl6
2-­‐	  
solution	  can	  be	  reused	  for	  almost	  infinite	  number	  of	  times	  without	  a	  significant	  drop	  in	  
the	  PtCl6
2-­‐
	  concentration.	  	  
	  
Unfortunately,	  this	  was	  not	  possible	  as	  a	  fraction	  of	  PtCl6
2-­‐	  solution	  would	  be	  lost	  each	  
time	   it	  was	  being	   transferred	   from	  the	  electrodeposition	  cell	  back	   to	   the	  stock	  bottle.	  
This	   resulted	   in	   the	   substantial	   loss	   of	   PtCl6
2-­‐	   solution	   over	   time,	   in	   which	   it	   became	  
insufficient	  in	  fully	  submerging	  the	  Pt	  mesh	  of	  the	  counter	  electrode	  and	  the	  tip	  of	  the	  
reference	   electrode	   present	   in	   the	   electrodeposition	   cell.	   From	   experimental	  
observation,	   the	   actual	   ‘lifetime’	   of	   the	   solution	   was	   found	   to	   be	   approximately	   50	  
cycles,	   thereafter,	   a	   fresh	  PtCl6
2-­‐	   solution	  had	   to	  be	  prepared	   in	  order	   to	  maintain	   the	  
solution	  level	  to	  the	  desired	  level	  in	  the	  electrodeposition	  cell.	  	  
	  
3.3.3.3 Structural	  and	  Chemical	  Analysis	  of	  Pt	  nanorods	  
	  
The	  structure	  of	  the	  Pt	  nanorods	  was	  investigated	  by	  XRD	  and	  TEM.	  Figure	  3-­‐5A	  shows	  
the	  XRD	  patterns	  of	  the	  as-­‐produced	  Pt	  nanorods	  dispersed	  on	  a	  Si	  substrate	  suggesting	  
that	   the	   Pt	   crystal	   growth	   via	   electrodeposition	   has	   a	   random	   orientation	   and	   is	  
polycrystalline	  in	  nature.	  More	  specifically,	  the	  main	  crystal	  orientations	  of	  Pt	  are	  found	  
in	   the	  directions	  of	   (111),	   (200),	   (220)	  and	   (011)	  and	   their	   respective	  grain	  sizes	  were	  
estimated	  from	  Scherrer’s	  equation	  (equation	  3L)	  to	  be	  9.19	  nm,	  7.78	  nm,	  6.94	  nm	  and	  
4.95	   nm	   respectively.	   The	  multiple	   orientation	   of	   Pt	   crystal	   growth	   can	   also	   be	   seen	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from	   the	   TEM	   image	   in	   figure	   3-­‐5B	  where	   at	   least	   four	  main	   crystal	   orientations	   had	  
been	  identified.	  	  	  
	  
D=	  K	  λ	  /β	  cosӨ	   	   (Equation	  3L)	  
	  
	  
Figure	  3-­‐5.	  A)	  XRD	  plot	  of	  Pt	  nanorods	  dispersed	  on	  Si	  substrate	  B)	  HAADF	  TEM	  image	  of	  
a	  Pt	  nanorod	  segment,	  inset	  shows	  a	  larger	  section	  of	  the	  Pt	  nanorod	  segment	  	  	  
	  
In	   order	   to	   successfully	   free	   Pt	   nanorods	   from	   the	   AAM,	   the	   appropriate	   etchant	   is	  
chosen	   based	   on	   its	   ability	   to	   dissolve	   the	  Ag	   conductive	   layer,	   yet	   at	   the	   same	   time	  
preserving	  the	  integrity	  of	  the	  Pt	  nanorods.	  Though	  highly	  concentrated	  acidic	  solutions	  
such	   as	   aqua	   regia	   and	   concentrated	   nitric	   acid	   (commonly	   used	   to	   dissolve	   metal	  
conductive	   layers)	  were	   good	   etchants	   for	   the	  Ag	   conductive	   layer,	   they	   also	   reacted	  
with	   the	   Pt	   nanorods.	   It	   was	   found	   that	   the	   methanol,	   ammonium	   hydroxide	   and	  
hydrogen	   peroxide	   (5:1:1)	   solution	   effectively	   removed	   the	   Ag	   conductive	   layer	   and	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protected	  the	  Pt	  nanorods.	  The	  successful	  release	  of	  the	  Pt	  nanorods	  from	  the	  AAM	  and	  
Ag	  conductive	   layer	  using	  this	  ammonium-­‐based	  etchant	   is	  shown	  in	  figure	  3-­‐6.	  These	  
Pt	   nanorods	   have	   a	   diameter	   of	   200	   nm,	   similar	   to	   those	   of	   the	   AAM	   pores,	  
demonstrating	  that	  the	  structural	  integrity	  of	  the	  Pt	  nanorods	  was	  retained	  despite	  the	  
washing	  procedures.	  	  	  
	  
The	  effectiveness	  of	  this	  ammonium	  hydroxide	  based	  silver	  etchant	   is	   important	   in	  the	  
production	  of	  the	  photocatalytic	  nanorods	  as	  it	  enables	  the	  maximum	  yield	  of	  nanorods	  
from	  the	  AAM.	  Using	  conc.	  NaOH	  to	  remove	  the	  AAM	  alone	  produces	  nanorods	  that	  are	  
low	  in	  quality	  and	  yield,	  because	  the	  conductive	  layers	  are	  still	  attached	  to	  the	  nanorods.	  
This	  limits	  further	  processing.	  	  
	  
	  
Figure	  3-­‐6.	  Backscattered	  SEM	  images	  of	  A)	  free-­‐standing	  Pt	  nanorods	  on	  Ag	  conductive	  
substrate	  achieved	  by	  etching	  AAM	  in	  3	  M	  NaOH;	  B)	  free	  Pt	  nanorods	  achieved	  by	  
etching	  AAM	  and	  Ag	  conductive	  layer	  respectively	  in	  conc.	  NaOH	  and	  NH4OH-­‐based	  
silver	  etchant	  	  
	   73	  
3.4. Conclusion	  
Highly	  ordered	  1D	  Pt	  nanorods	  have	  been	  successfully	   fabricated	  via	  templated	  electrodeposition	   into	  
AAM.	  Electrochemical	  conditions	  such	  as	  the	  species	  concentration	  of	  the	  Pt	  precursor	  electrolyte	  and	  
deposition	  voltages	  were	  optimized	  to	  achieve	  highly	  uniform	  and	  homogeneous	  array	  of	  Pt	  nanorods.	  
By	  employing	  a	  high	  concentration	  of	  25	  mM	  Na2PtCl6	   	  and	  1	  mM	  HCl,	  a	  clear	  and	  stable	  Pt	  precursor	  
electrolyte	   has	   been	   prepared,	   in	   which	   the	   ‘lifetime’	   of	   the	   bath	   solution	   was	   found	   to	   be	  
approximately	   50	   cycles.	   Overall,	   the	   established	   synthesis	   procedures	   and	   characterization	   of	   the	  
electrodeposited	  Pt	  nanorods	  contribute	  to	  the	  overall	  electrodeposition	  aim	  in	  this	  study	  of	  achieving	  
1D	  multi-­‐segmented	  Pt-­‐TiO2	  nanostructures;	  and	  will	  also	  be	  useful	  in	  designing	  highly	  structured	  novel	  
materials	  and	  nanocomposite	  structures	  for	  prospective	  applications	  in	  photocatalysis,	  opto-­‐electronics,	  
chemical	  and	  bio-­‐analysis.	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Chapter	  4: Synthesis	  of	  TiO2	  Nanostructures	  and	  Experimental	  Procedures	  	  
	  
4.1. Introduction	  
	  
The	  multi-­‐functionality	   of	   semiconductor	   titanium	   dioxide	   (TiO2)	   has	   seen	   its	   utilization	   in	   numerous	  
industrial	   applications.	   Known	   largely	   for	   its	   strong	   photocatalytic	   activity,	   robust	   chemical	   stability	  
under	  acidic	  and	  oxidative	  environments,	   low	  production	  cost	  and	  non-­‐toxicity,	  TiO2	  has	  found	  uses	   in	  
areas	   such	   as	   photocatalysis	   [1,	   2],	   dye-­‐sensitized	   solar	   cells	   [3-­‐5]	   and	   biomedical	   devices	   [6,	   7].	  
Amongst	  a	  myriad	  of	  existing	  TiO2	  structures,	  highly	  ordered	  one-­‐dimensional	  (1D)	  nanostructures	  have	  
been	   found	   to	   be	   particularly	   important	   in	   achieving	   scaled-­‐up	   functional	   devices	   [8].	   A	   preferred	  
method	  to	  fabricate	  1D	  nanostructures	  of	  TiO2	  is	  by	  templated	  electrodeposition.	  This	  is	  due	  mainly	  to	  
its	   low	   cost,	   high	   volume	   and	   the	   ability	   to	   accurately	   control	   the	   amount	   of	   material	   deposited.	  
Amongst	  the	  Ti	  precursors,	  TiOSO4	  and	  TiCl3	  are	  more	  commonly	  used	  for	  the	  electrodeposition	  of	  TiO2	  
because	  of	  the	  relative	  ease	  of	  employing	  an	  aqueous	  solvent.	  
	  
There	   are	   differences	   between	   the	   electrodeposition	   mechanisms	   of	   TiO2	   from	   TiOSO4	   and	   TiCl3	  
precursors.	   Briefly,	   TiO2	   is	   electrodeposited	   from	   TiOSO4	   precursor	   solution	   as	   a	   result	   of	   from	   the	  
cathodic	  production	  of	  OH-­‐,	  marked	  by	  an	  increase	  in	  the	  local	  pH	  at	  the	  AAM	  (working	  electrode)	  and	  
the	   overall	   oxidation	   state	   of	   Ti+4	   remains	   unchanged.	   In	   contrast,	   TiO2	   electrodeposited	   from	   TiCl3	  
precursor	  solution	  is	  an	  anodic	  process,	  which	  involves	  the	  anodic	  oxidation	  of	  Ti3+	  to	  Ti4+	  via	  a	  hydrolytic	  
formation	  of	  Ti3+	  intermediate.	  
	  
Proceeding	   from	   this	   point	   onwards,	   the	   chapter	   is	   divided	   into	   two	  main	   sections.	   The	   first	   section	  
describes	   the	   templated	   electrodeposition	   of	   TiO2	   using	   TiOSO4	   precursor	   and	   the	   second	   section	  
describes	  the	  templated	  electrodeposition	  of	  TiO2	  using	  TiCl3.	  Each	  of	  the	  two	  sections	  comprises	  of	  sub-­‐
sections	  on	  the	  materials,	  general	  experiment	  practice,	  and	  results	  and	  discussion.	  
	  
4.2. Literature	  Review	  
	  
4.2.1. 	  Electrodeposition	  of	  TiO2	  Nanostructures	  from	  Aqueous	  TiOSO4	  
	  
Methods	  of	  electrodepositing	  nanocrystalline	  TiO2	  thin	  films	  from	  an	  aqueous	  TiOSO4	  precursor	  
solution	  were	  developed	  by	  Natarajan	  and	  Nogami	  [9].	  The	  Ti-­‐precursor	  solution	  was	  prepared	  
first	   by	   dissolving	   Ti	   powder	   in	   a	   solution	   of	   H2O2	   and	   ammonia,	   followed	   by	   dissolving	   the	  
obtained	  yellow	  gel	  in	  H2SO4	  or	  HNO3	  to	  obtain	  a	  red	  coloured	  solution,	  TiOSO4.	  By	  adding	  KNO3	  
to	  TiOSO4	  and	  adjusting	  the	  solution	  pH	  to	  1	  to	  3,	  the	  Ti	  precursor	  electrolyte	  was	  employed	  for	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the	  electrochemical	  deposition	  of	  TiO2	  films	  on	  an	  ITO	  electrode.	   In	  their	  study,	  Natarajan	  and	  
Nogami	  also	  reported	  on	  the	  important	  role	  of	  KNO3	  in	  driving	  the	  electrochemical	  deposition	  of	  
TiO2	   to	  achieve	  nanoporous	  amorphous	  TiO2	   films,	  which	   crystallises	   after	   thermal	   treatment.	  
Depositions	  of	  the	  TiO2	  films	  were	  performed	  in	  the	  potential	  range	  of	  -­‐0.9	  V	  to	  -­‐1.4	  V	  (vs.	  SCE).	  
	  
Deeming	   Natarajan	   and	   Nogami’s	   preparation	   method	   of	   Ti	   bath	   solution	   tedious,	  
Karuppuchamy	   and	   co-­‐workers	   [10]	   simplified	   the	   process	   by	   adding	   KNO3	   and	   H2O2	   to	  
commercial	   TiOSO4	   powder,	   resulting	   in	   a	   red	   coloured	   solution	   similar	   to	   that	   obtained	   by	  
Natarajan	  and	  Nogami.	   It	  was	  also	   reported	   that	   cooling	  of	   the	  Ti	  precursor	   solution	   to	  10	   oC	  
during	  the	  electrodeposition	  process	  was	  essential	   in	  obtaining	  transparent	  and	  homogeneous	  
TiO2	   films.	   Additionally,	   Blanco	   and	   co-­‐workers	   [11]	   deposited	   TiO2	   films	   on	   ITO	   at	   -­‐1.2	  V	   (vs.	  
Ag/AgCl)	   from	   a	   bath	   solution	   consisting	   of	   TiOSO4,	   H2O2	   and	   NH4NO3	   and	   reported	   the	  
temperature	  of	  the	  bath	  solution	  to	  affect	  TiO2	  crystallinity,	  where	  a	  higher	  proportion	  of	  TiO2	  
anatase	  phase	  was	  found	  in	  the	  TiO2	  films	  deposited	  at	  63	  
oC.	  Thermal	  effect	  on	  the	  kinetic	  of	  
the	  ions	  during	  the	  electrodeposition	  process	  was	  suggested	  to	  be	  the	  cause	  of	  this	  effect.	  	  
	  
Continuing	   from	   the	   establishment	   of	   the	   process	   of	   TiO2	   electrodeposition,	   similar	  works	   on	  
mainly	   TiO2	   films	   [5,	   9,	   10]	   and	   three-­‐dimensional	   nanoframes	   had	   followed	   [12].	   To	   date,	  
reports	  on	   the	   templated	  electrodeposition	  of	   TiO2	  nanotubes	  using	  aqueous	  TiOSO4	  are	   very	  
limited	  [13].	  Also,	  there	  has	  yet	  to	  be	  a	  report	  on	  the	  electrodeposition	  of	  TiO2	  nanorods	  in	  AAM	  
using	   TiOSO4	  precursor.	  Despite	   a	   number	  of	   reports	   on	   the	   templated	   synthesis	   of	   1D	  metal	  
oxide	   nanorods	   [14],	   nanowires	   [15]	   and	   nanotubes	   [16-­‐18],	   the	   growth	  mechanism	  of	  metal	  
oxide	  nanostructures	  in	  AAMs	  is	  yet	  to	  be	  fully	  rationalised.	  	  
	  
In	   the	   first	   portion	   of	   this	   chapter,	   we	   focus	   on	   the	   synthesis	   and	   characterization	   of	   highly	  
ordered	   one-­‐dimensional	   TiO2	   nanorods	   and	   nanotubes	   by	   template	   electrodeposition	   using	  
TiOSO4	   precursor;	   and	   by	   studying	   the	   effect	   of	   deposition	   voltages	   on	   the	   nanostructural	  
growth	   of	   TiO2	   in	   the	   AAM,	   we	   elucidate	   the	   growth	   mechanisms	   of	   TiO2	   nanorods	   and	  
nanotubes.	  	  
	  
4.2.2. 	  Templated	  Electrodeposition	  of	  TiO2	  from	  Aqueous	  TiCl3	  
Fabricating	   TiO2	   from	   the	   oxidative	   hydrolysis	   of	   TiCl3	   precursor	   has	   been	   performed	   using	  
electrochemical	   deposition	   [8,	   19,	   20]	   and	   electro-­‐less	   deposition	   [21-­‐24]	   methods.	   As	  
compared	  to	  the	  electro-­‐less	  deposition	  methods	  such	  as	  the	  sol-­‐gel	  method,	  electrodeposition	  
of	   TiO2	   offers	   a	   faster	   and	   controllable	   way	   of	   preparing	   TiO2.	   Kavan	   and	   co-­‐workers	   [19]	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pioneered	  the	  method	  of	  electrochemically	  depositing	  TiO2	  films	  at	  0	  V	  (vs.	  SCE)	  from	  aqueous	  
TiCl3	   precursor	   by	   anodic	   oxidative	   hydrolysis.	   In	   the	   report,	   Kavan	   and	   co-­‐workers	   [19]	  
postulated	  that	  the	  anodic	  Ti3+(aq.)	  oxidation	  is	  analogous	  to	  the	  chemical	  oxidation	  of	  O2	  by	  a	  
rapid	  hydrolytic	  pre-­‐equilibrium	   (equation	  4A),	   followed	  by	  an	  oxidation	  of	   the	   formed	  TiOH2+	  
monohydroxy	   intermediate	   to	  Ti(IV)	  oxo-­‐species	  which	  can	  be	  subsequently	  converted	   to	  TiO2	  
after	  thermal	  treatment	  (equation	  4B).	  	  
	  
	   	   	   (Equation	  4A)	  
	  
	   (Equation	  4B)	  
	  
Following	  this,	  there	  were	  a	  few	  interesting	  points	  that	  had	  been	  mentioned	  about	  the	  nature	  of	  
fabricating	  TiO2	  from	  aqueous	  TiCl3.	  Firstly,	  it	  was	  suggested	  that	  a	  practical	  working	  pH	  range	  of	  
the	  TiCl3	  precursor	  solution	  should	  be	  between	  2	  to	  2.5	  in	  order	  to	  reduce	  the	  sensitivity	  of	  the	  
TiCl3	  solution	  to	  O2	  and	  hence	  minimise	  precipitation.	  This	  could	  also	  serve	  as	  a	  reason	  as	  to	  why	  
the	   preparation	   and	   electrodeposition	   process	   was	   carried	   out	   under	   anaerobic	   conditions.	  
Secondly,	   the	   steady-­‐state	   anodic	   current	   density	   during	   electrodeposition	   of	   TiCl3	   precursor	  
solution	  was	   found	   to	  depend	  on	  pH	  where	   the	   faradaic	  efficiency	  was	   reported	   to	  be	  100	  %	  
above	  pH	  3	  and	  0	  %	  below	  pH	  1.5.	   	  The	  rate	  of	   the	  anodic	  reaction	  was	  however	   found	  to	  be	  
independent	  of	  the	  potential,	  which	  was	  demonstrated	  by	  an	  almost	  constant	  anodic	  current	  in	  
a	  broad	  potential	  range.	  	  	  
	  
Besides	   electrodeposition	   of	   TiO2	   films,	   1-­‐D	   TiO2	   nanowire	   arrays	   [8,	   20,	   25]	   and	   1-­‐D	   TiO2	  
segments	   [26,	   27]	   have	   also	  been	  electrochemically	   fabricated	   from	  TiCl3	   precursor.	  Arrays	  of	  
highly-­‐order	   1-­‐D	   TiO2	   nanostructures	   have	   been	   of	   great	   interest	   mainly	   because	   of	   its	   ideal	  
architecture	  in	  increasing	  efficiency	  for	  charge-­‐transport	  devices;	  and	  the	  most	  versatile	  method	  
for	   the	   replication	   of	   1-­‐D	   TiO2	   nanostructure	   patterns	   is	   by	   template	   electrodeposition.	  
Musselman	  and	  co-­‐workers	  [20]	  reported	  a	  general	  method	  of	  producing	  high-­‐quality	  arrays	  of	  
TiO2	  nanorods	  by	  templated	  electrodeposition	  onto	  transparent	  conducting	  substrates.	  A	  similar	  
study	  was	  also	  carried	  out	  by	  Liu	  and	  co-­‐workers	  [25],	   in	  which	  arrays	  of	  TiO2	  nanowires	  were	  
fabricated	  by	  pulse	  electrodeposition	  from	  TiCl3	  precursor.	  In	  both	  works,	  there	  was	  however	  no	  
mention	   of	   the	   atmospheric	   conditions	   under	   which	   the	   TiCl3	   precursor	   preparation	   and	  
electrodeposition	  procedures	  were	  carried	  out.	  In	  another	  study,	  fabrication	  of	  single-­‐crystalline	  
TiO2	  nanorod	  arrays	  were	  performed	  under	  an	  Ar	  atmosphere	  [8].	  Also,	  taking	  into	  account	  the	  
high	  resistance	  of	  the	  solution	  in	  the	  AAM	  pores,	  a	  higher	  TiCl3	  solution	  concentration	  of	  0.25	  M	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was	   reported	   to	   be	   used,	   compared	   to	   a	   lower	   concentration	   of	   0.05	   M	   which	   had	   been	  
employed	  in	  preparing	  TiO2	  films	  [19].	  	  
	  
There	  are	   two	  similar	   studies	   involving	   the	   template	  electrodeposition	  of	   small	   segments	  TiO2	  
(approx.	   50	  nm	   length)	   from	  a	  bath	   solution	   consisting	  of	   TiCl3	   and	   carboxymethetyl-­‐cellulose	  
(CMC)	  saturated	  with	  nitrogen.	  As	  it	  was	  observed	  from	  TEM	  images	  of	  PPy/TiO2/PPy	  fibers,	  the	  
deposited	   porous	   TiO2	   segments	   were	   described	   to	   consist	   of	   loosely	   deposited	   TiO2	  
nanoparticles,	  which	  function	  as	  separators	  between	  conducting	  polymers	  of	  polypyrrole	  (PPy)	  
and	  polyaniline	  (PAn)	  for	  application	  as	  nano-­‐batteries	  [27];	  and	  polymers	  of	  polypyrrole	  (PPy)	  
for	  use	  as	  super-­‐capacitors	  [26].	  	  
	  
In	   the	   second	  portion	  of	   this	   chapter	   (following	   the	   templated	  electrodeposition	  of	   TiO2	   from	  
TiOSO4),	  we	  describe	  detailed	  experimental	  procedures	  of	  preparing	  a	  stable	  TiCl3	  bath	  solution	  
under	  ambient	  conditions,	  as	  well	  as,	  the	  successful	  electrodeposition	  1-­‐D	  TiO2	  nanostructures	  
at	   conditions	   of	   room	   temperature	   and	   an	   uncontrolled	   atmosphere.	   The	   conditions	   and	  
procedures	  of	  the	  electrodeposition	  of	  TiO2	  nanorods	  from	  TiCl3	  that	  have	  been	  established	  here	  
are	  used	  in	  the	  subsequent	  fabrication	  of	  the	  TiO2	  segments	  of	  the	  TiO2-­‐Pt	  striped	  nanorods	  in	  
chapter	  5.	  	  
	  
4.3. Templated	  Electrodeposition	  of	  TiO2	  from	  TiOSO4	  
	  
4.3.1. 	  Materials	  
	  
Titanium	  (IV)	  oxysulfate	  hydrate	   (TiOSO4.H2O,	  Mr=159.93	  g/mol)	   )	  was	  purchased	   from	  Sigma-­‐
Aldrich.	   Hydrogen	   peroxide	   (6%	  w/v	   H2O2),	   hydrochloric	   acid	   (HCl,	   12%	   v/v),	   nitric	   acid	   (69%	  
HNO3)	   and	   potassium	  nitrate	   (KNO3)	  were	   obtained	   from	  BDH	   Laboratory	   Supplies.	  Methanol	  
(Chromasolv®	  Plus	  for	  HPLC	  ≥	  99.9	  %),	  hydrochloric	  acid	  (37%	  HCl)	  and	  sodium	  hydroxide	  (40	  %	  
w/v	   NaOH)	  were	   purchased	   from	   VWR	   and	   ammonia	   solution	   (35	  %,	   FW=17.05	   NH4OH)	  was	  
purchased	   from	   Fischer	   Scientific.	   Commercial	   Anopore®	   aluminium	   oxide	   hydrophilic	  
membranes	  (AAM)	  of	  diameters	  25	  and	  47	  mm	  with	  200	  nm	  nominal	  pore	  size	  and	  0.2	  μm	  filter	  
pore	  size	  were	  commercially	  available	  from	  Whatman	  International	  Ltd.	  and	  were	  used	  directly	  
for	   electrodeposition	  without	   prior	   cleaning	   or	   pretreatment.	   Nanopure	   deionised	  water	  was	  
used	   in	   all	   the	   experiments.	   All	   chemicals	   were	   of	   analytical	   reagent	   grade	   and	   were	   used	  
without	  further	  purification.	  
	  
	   81	  
4.3.2. 	  General	  Experiment	  Practice	  
	  
4.3.2.1. Bath	  Solution	  Preparation	  of	  TiOSO4	  
A	   bath	   solution	   consisting	   of	   TiOSO4	   was	   prepared	   by	   first	   cooling	   55	   ml	   of	   deionised	  
water	  to	  10	  °C	  in	  an	  ice	  bath,	  followed	  by	  addition	  of	  50	  mM	  of	  H2O2.	  10	  mM	  TiOSO4.H2O	  
was	  then	  dissolved	  into	  the	  mixture	  and	  stirred	  vigorously	  until	  the	  solution	  turned	  clear	  
orange-­‐red	   after	   which	   50	   mM	   KNO3	   was	   added.	   To	   minimize	   the	   bulk	   hydrolysis	   of	  
TiOSO4	   in	  water,	   the	  bath	   solution	  was	  maintained	   at	   approximately	   pH	  3	   and	   at	   10	   °C	  
throughout	  the	  electrodeposition	  process.	  
	  
	  
4.3.2.2. Electrodeposition	  of	  TiO2	  Films	  	  
Electrodeposition	  of	  TiO2	  films	  on	  a	  gold-­‐on-­‐glass	  working	  electrode	  was	  performed	  under	  
a	   two-­‐step	   potentiostatic	   control	   of	   [-­‐1.4	   V	   (vs.	   1	   M	   Ag/AgCl)	   /20	   s,	   -­‐1.2	   V	   (vs.	   1	   M	  
Ag/AgCl)/	  x	  s]	  using	  an	  AUTOLAB	  PGSTAT12	  potentiostat,	  where	  x	  represents	  the	  desired	  
time	   for	   electrodeposition.	   An	   initial	   overvoltage	   of	   200	   mV	   was	   applied	   to	   all	   the	  
deposition	  voltages.	  
	  
4.3.2.3. Templated	  Electrodeposition	  of	  TiO2	  Nanostructures	  from	  TiOSO4	  	  
TiO2	   nanorods	   and	   nanotubes	   were	   electrodeposited	   in	   the	   AAMs	   from	   the	   TiOSO4	  
precursor	  bath	  solution	  under	  a	  range	  of	  potentiostatic	  conditions	  of	  	  -­‐1.2	  V	  to	  -­‐0.3	  V	  (vs.	  
1	  M	  Ag/AgCl)	  using	  an	  AUTOLAB	  PGSTAT12	  instrument.	  An	  initial	  overvoltage	  of	  200	  mV	  
was	   applied	   to	   all	   the	   deposition	   voltages.	   The	   respective	   defined	   potentiostatic	  
conditions	  of	  TiO2	  nanorods	  and	  nanotubes	  electrodeposition	  are	  found	  under	  the	  results	  
section.	  
	  
4.3.2.4. Method	  of	  Releasing	  TiO2	  Nanorods	  From	  Template	  
To	  release	  the	  TiO2	  nanostructures	  from	  the	  AAM,	  the	  silver	  sputter	  layer	  was	  removed	  by	  
applying	  a	  freshly	  prepared	  solution	  of	  aqua	  regia	  until	  all	  the	  silver	  has	  been	  completely	  
removed,	   followed	   by	   etching	   the	   AAM	   in	   3	  M	  NaOH	   solution.	   The	   samples	  were	   then	  
collected	  by	  repeated	  centrifuging	  at	  2000	  RPM	  for	  15	  minutes,	  washed	  with	  DI	  water	  and	  
redispersed	  in	  DI	  water.	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4.3.3. 	  Results	  and	  Discussion	  
	  
4.3.3.1. Electrodeposition	  of	  TiO2	  Film	  from	  TiOSO4	  precursor	  
Prior	   to	   the	   electrodeposition	   of	   TiO2	   nanorods	   in	   the	   AAM,	   the	   conditions	   for	   such	   a	  
process	  were	  examined	  by	  an	  initial	  preparation	  of	  TiO2	  films	  on	  Au/glass	  electrodes.	  The	  
SEM	   images	   in	   figure	   4-­‐1	   represents	   the	   successful	   growth	   of	   TiO2	   films	   on	   Au/glass	  
electrodes	  via	  electrodeposition	  at	  applied	  step	  voltages	  of	   -­‐1.4	  V/	  20	  s,	   -­‐1.2	  V/	  17980	  s	  
(vs.	  Ag/AgCl,	  1	  M	  KCl	  at	  25	  oC)	  using	  a	  TiOSO4	  precursor	  bath	  solution	  consisting	  of	  H2O2	  in	  
amounts	  of	  either	  0.2	  ml	  or	  0.3	  ml,	  respectively	  resulting	   in	  TiO2	  films	  that	  appear	  to	  be	  
made	   of	   TiO2	   “particles”	   of	   different	   sizes.	   Based	   on	   an	   average	   count	   of	   100	   TiO2	  
“particles”	   and	   assuming	   TiO2	   particles	   to	   be	   spherical,	   diameters	   of	   TiO2	   ”particles”	   of	  
TiO2	  films	  that	  were	  grown	  from	  a	  0.3	  ml	  H2O2	  /TiOSO4	  precursor	  bath	  solution	  (Figure	  4-­‐
1A)	  were	  calculated	  to	  be	  approximately	  33	  ±	  9.1	  nm,	  while	  those	  of	  0.2	  ml	  H2O2/TiOSO4	  
precursor	  bath	  solution	  (Figure	  4-­‐1B)	  were	  of	  approximately	  78	  ±	  25.1	  nm.	  Comparison	  of	  
these	  figures	  evidently	  shows	  that	  TiO2	  films	  resulting	  from	  0.3	  ml	  H2O2	  /TiOSO4	  precursor	  
bath	  solution	  consisted	  of	  smaller	  and	  more	  uniform	  TiO2.	  From	  the	  SEM	  images	  in	  figure	  
4-­‐1,	   the	   as-­‐prepared	   TiO2	   films	   obtained	   from	   both	   these	   conditions	   appears	   to	   be	  
nanoporous,	   similar	   to	   that	   observed	   by	   Karuppuchamy	   and	   co-­‐workers	   [10]	   where	   in	  
their	   study	   the	   TiO2	   film	   was	   described	   from	   obtained	   SEM	   images	   to	   consist	   of	   an	  
aggregate	  of	  very	  small	  crystallites	  sizes	  of	  a	  few	  tens	  of	  nanometers.	  
	  
	  
	  
Figure	  4-­‐1.	  SEM	  images	  of	  100	  K	  magnification	  of	  annealed	  TiO2	  films	  deposited	  on	  
Au/glass	  at	  applied	  step	  voltages	  of	  [-­‐1.4	  V/	  20	  s,	  -­‐1.2	  V/	  17980	  s]	  (vs.	  Ag/AgCl,	  1	  M	  KCl	  at	  
25	  oC)	  using	  a	  TiOSO4	  precursor	  bath	  solution	  consisting	  of	  TiOSO4	  precursor	  and	  A)	  0.3	  ml	  
H2O2	  and	  B)	  0.2	  ml	  H2O2	  where	  TiO2	  films	  appear	  to	  consist	  of	  TiO2	  “particles”	  sizes	  
(averaged	  over	  100	  “particles”)	  of	  33	  ±	  9.1	  nm	  and	  78	  ±	  25.1	  nm	  respectively	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The	  formation	  of	  smaller	  and	  more	  homogeneous	  TiO2	  particles	  can	  be	  expected	  with	  the	  
use	  of	  a	  higher	  concentration	  of	  0.3	  ml	  H2O2.	  According	  to	  equation	  4C,	  H2O2	  complexes	  
with	   TiOSO4	   to	   form	   Ti(O2)SO4,	   which	   plays	   an	   essential	   role	   in	   the	   formation	   of	   TiO2	  
through	   the	   process	   of	   hydrolysis.	   It	   is	   observed	   that	   when	   H2O2	   concentrations	   lower	  
than	   0.2	  ml	  was	   used,	   the	  mixture	   remained	   turbid	   from	   the	  unreacted	   TiOSO4	   despite	  
hours	  of	  mixing.	  A	  clear	  red	  solution	  is	  therefore	  obtained	  by	  increasing	  the	  concentration	  
of	  H2O2	  in	  the	  bath	  solution,	  which	  allows	  for	  the	  complete	  complexation	  of	  TiOSO4.	  This	  
increases	  the	  initial	  concentration	  of	  the	  solute	  Ti(O2)SO4	  to	  favour	  the	  formation	  of	  larger	  
number	  of	  TiO2	  nucleation	  sites	  and	  hence	  larger	  number	  of	  TiO2	  nuclei	  during	  hydrolysis.	  
Generally,	   for	  a	  given	  concentration	  of	  Ti(O2)SO4	  solute,	  a	   larger	  number	  TiO2	  nuclei	  will	  
result	   in	   smaller	   sized	   “particles”.	   Additionally,	   the	   smaller	   size	   distribution	   of	   TiO2	  
“particles”	  resulting	  from	  0.3	  ml	  H2O2	  /TiOSO4	  precursor	  bath	  solution	  may	  be	  indicative	  of	  
a	  more	  constant	  growth	  rate	  of	  TiO2	  nuclei	  compared	  to	  that	  occurring	   in	  a	  0.2	  ml	  H2O2	  
/TiOSO4	  precursor	  bath	  solution	  which	  yield	  TiO2	  “particles”	  with	  larger	  size	  distribution.	  	  	  	  
	  
TiOSO4	  +	  H2O2	  ↔	  Ti(O2)SO4	  +	  H2O	  (red	  solution)	  	  	   (Equation	  4C)	  
	  
As	  discussed	  earlier,	   it	   is	  well	  observed	  that	  by	  using	  0.3	  ml	  H2O2/TiOSO4	  precursor	  bath	  
solution,	   a	   more	   uniform	   deposition	   of	   TiO2	   film	   is	   electrodeposited	   on	   the	   Au/glass	  
electrode.	   Figure	   4-­‐2A	   represents	   the	   non-­‐homogeneous	   TiO2	   film	   deposition	   observed	  
using	  0.1	  ml	  H2O2/TiOSO4	  precursor	  bath	  solution.	  In	  contrast	  by	  using	  0.3	  ml	  H2O2	  /TiOSO4	  
precursor	  bath	  solution,	  a	  homogeneous	  TiO2	  film	  deposition	  was	  seen.	  The	  importance	  of	  
achieving	  homogeneity	  in	  TiO2	  film	  deposition	  on	  the	  Au/glass	  electrode	  can	  be	  seen	  in	  its	  
parallel	  application	  of	  the	  electrodepositing	  TiO2	  in	  a	  porous	  template	  such	  as	  the	  AAM.	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Figure	  4-­‐2.	  Schematic	  illustration	  of	  A)	  A	  non-­‐homogeneous	  TiO2	  film	  deposition	  
observed	  using	  0.1	  ml	  H2O2/TiOSO4	  precursor	  bath	  solution	  and	  B)	  Homogeneous	  
TiO2	  film	  deposition	  observed	  using	  0.3	  ml	  H2O2/TiOSO4	  precursor	  bath	  solution.	  
The	  resultant	  homogeneities	  in	  the	  TiO2	  films	  in	  A	  and	  B	  approximate	  the	  results	  of	  
TiO2	  deposition	  in	  the	  porous	  AAM	  under	  the	  respective	  conditions.	  
	  
4.3.3.2. Characterisation	  of	  TiO2	  Nanorods	  Electrodeposited	  from	  TiOSO4	  precursor	  
	  
The	  SEM	  images	  in	  figure	  4-­‐3	  (a),	  (b),	  (c)	  and	  (d)	  show	  highly	  uniform	  TiO2	  nanorods	  that	  
were	  achieved	  from	  TiOSO4	  precursor	  at	  applied	  step	  voltages	  of	  -­‐1.4	  V	  (vs.	  Ag/AgCl,	  1	  M	  
KCl	  at	  25	  oC)	  for	  the	  first	  20	  s	  followed	  by	  -­‐1.2	  V	  (vs.	  Ag/AgCl,	  1	  M	  KCl	  at	  25	  oC)	  for	  a	  total	  
of	  1,	  2,	  3	  and	  5	  hours	  respectively.	  An	  initial	  overvoltage	  of	  200	  mV	  was	  applied	  to	  all	  the	  
deposition	  voltages.	  Under	  the	  same	  deposition	  voltage	  conditions,	  Plots	  (i)	  (derived	  from	  
respective	   length	  measurements	   of	   TiO2	   nanorods	   in	   figure	   4-­‐3	   and	   averaged	   over	   100	  
nanorods)	  and	  plot	  (ii)	  (derived	  from	  the	  current	  density	  time	  plots)	  indicates	  a	  deviation	  
from	  the	  expected	  linear	  relationship	  between	  the	  Faradaic	  charge	  and	  deposition	  time	  as	  
the	   extent	   of	   deposition	   time	   increases.	   At	   longer	   deposition	   times,	   a	   decreasing	  
conductivity	   through	   an	   increased	   TiO2	   length	   at	   longer	   deposition	   times	   may	   have	  
occurred,	   resulting	   in	   decreasing	   deposition	   currents	   as	   shown	   in	   figure	   4-­‐4.	   The	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derivations	  of	  the	  plot	  and	  error	  bars	  in	  figure	  4-­‐3	  are	  shown	  in	  appendix	  4-­‐1.	  Treatment	  
of	  the	  samples	  using	  concentrated	  acid	  ([aqua	  regia]=1	  HNO3:	  3	  HCl)	  and	  strong	  base	  (3	  M	  
NaOH)	  revealed	  that	  the	  as-­‐prepared	  TiO2	  nanorods	  exhibited	  strong	  chemical	  stability	  as	  
they	  were	  found	  to	  retain	  their	  structural	  integrity	  thereafter	  (Figure	  4-­‐3).	  	  
	  
	  
Figure	  4-­‐3.	  (i)	  Plot	  of	  TiO2	  nanorods	  with	  varying	  experimental	  lengths	  (averaged	  over	  100	  
nanorods)	  electrodeposited	  from	  pH	  3	  aqueous	  solution	  of	  TiOSO4	  at	  -­‐1.2	  V	  (inclusive	  of	  
overvoltage	  of	  200	  mV/20	  s)	  under	  varying	  deposition	  times	  of	  a)	  1	  h,	  b)	  2	  h,	  c)	  3h,	  and	  d)	  
5	  h;	  insets	  (a),	  (b),	  (c),	  (d)	  showing	  corresponding	  SEM	  images	  of	  TiO2	  nanorods	  at	  1	  h,	  2	  h,	  
3	  h	  and	  5	  h	  respectively;	  (ii)	  plot	  derived	  from	  current-­‐time	  plots	  (derivations	  of	  the	  plot	  
and	  error	  bars	  shown	  in	  appendix	  4-­‐1)	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   Figure	  4-­‐4.	  Current-­‐time	  plots	  of	  TiO2	  nanorod	  deposition	  into	  AAM	  from	  TiOSO4	  
precursor	  at	  -­‐1.2	  V	  for	  A)	  1	  h,	  B)	  2	  h,	  c)	  3	  h,	  and	  d)	  5	  h	  (inclusive	  of	  an	  overvoltage	  of	  -­‐1.4	  V	  
for	  20	  s),	  with	  a	  total	  charge	  passed	  of	  3.14	  C,	  5.39	  C,	  8.02	  C	  and	  11.99	  C	  respectively	  
	  
To	   investigate	   the	   phase	   transformation	   behaviour	   of	   the	   as-­‐prepared	   TiO2	   nanorods,	  
High	   temperature	   X-­‐ray	   diffraction	   (HTXRD)	   measurements	   were	   conducted.	   TiO2	  
nanorods	   were	   dispersed	   on	   gold/glass	   substrates	   and	   annealed	   in-­‐situ	   from	  
approximately	  30	  °C	  to	  600	  °C.	   It	  should	  be	  noted	  that	  the	  annealing	  temperatures	  here	  
are	  taken	  as	  approximates	  because	  a	  substrate	  of	  Au/glass	  was	  used	  instead	  of	  the	  usual	  
Pt	  strip	  on	  which	  the	  temperatures	  were	  calibrated	  for.	  Nonetheless,	  this	  method	  can	  still	  
be	   used	   to	   track	   the	   gradual	   phase	   transformation	   of	   TiO2.	   The	   HTXRD	   phase	  
transformation-­‐temperature	  profile	  of	  TiO2	  nanorods	  on	  gold/glass	  substrates	  in	  figure	  4-­‐
5A	   confirms	   that	   the	   as-­‐prepared	   TiO2	   nanorods	   are	   amorphous	   at	   room	   temperature;	  
and	   upon	   thermal	   treatment	   gradually	   crystallise	   to	   produce	   a	   diffraction	   pattern	   that	  
matches	  well	  with	  that	  of	  anatase	  TiO2	  (JPCDS	  00-­‐002-­‐0406).	   It	   is	  also	  observed	  that	  the	  
onset	  temperature	  for	  which	  phase	  transformation	  from	  TiO2	  amorphous	  to	  TiO2	  anatase	  
occurs	   is	   450	   °C.	   Additionally,	   similar	   as-­‐prepared	   TiO2	   nanorods	   (deposited	   on	   Si	  
substrate)	   that	  had	  been	  annealed	   in	   air	   at	   600	   oC	  prior	   to	  XRD	  measurement	   confirms	  
that	  anatase	  TiO2	  is	  achieved	  (figure	  4-­‐5B).	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Figure	  4-­‐5.	  A)	  High	  Temperature	  XRD	  (HTXRD)	  patterns	  of	  TiO2	  nanorods	  electrodeposited	  
from	  TiOSO4	  annealed	  in-­‐situ	  from	  25	  to	  600	  
oC,	  B)	  XRD	  pattern	  of	  TiO2	  nanorod	  deposited	  
on	  Si	  substrate	  after	  annealing	  in	  air	  at	  600	  oC	  (“A”, and	  Si	  indicate	  peaks	  of	  TiO2	  
anatase,	  Au	  and	  Si	  substrate	  respectively)	  
	  
	  
4.3.3.3. Effect	  of	  varying	  deposition	  voltages	  on	  TiO2	  Nanostructures	  
	  
In	   addition	   to	   the	   TiO2	   nanorod	   growth	   at	   -­‐1.4	   V/-­‐1.2	   V,	   it	   was	   also	   found	   that	   TiO2	  
nanotubes	  were	  achieved	  at	   lower	  deposition	  step	  voltages	  of	  -­‐0.9	  V/-­‐0.7	  V	  and	  -­‐0.5	  V/-­‐
0.3	  V.	  	  For	  formation	  of	  both	  TiO2	  nanorods	  and	  nanotubes,	  the	  electrodeposition	  of	  TiO2	  
from	   TiOSO4	   proceeds	   from	   the	   cathode	   in	   an	   aqueous	   acidic	   solution	   containing	   NO3
-­‐	  
ions,	  which	  when	  reduced	  according	  to	  equation	  4D	  leads	  to	  an	  increase	  in	  the	  local	  pH	  by	  
generation	  of	  OH-­‐.	   This	   results	   in	   the	  hydrolysis	  of	   Ti(O2)SO4,	   a	   Ti	   intermediate	   complex	  
formed	  prior	   to	  electrodeposition	   (equation	  4E)	   to	  produce	  a	  hydroxide	  precipitate	   that	  
subsequently,	  via	  condensation	  and	  heat	  treatment,	  yields	  TiO2	  (equation	  4F)	  [9].	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In	  a	  study	  to	  confirm	  the	  species	  responsible	  for	  the	   increase	   in	   local	  pH,	  Natarajan	  and	  
Nogami	  [9]	  found	  that	  there	  was	  no	  film	  formation	  in	  the	  absence	  of	  NO3
-­‐	  ions,	  concluding	  
that	  the	  cathodic	  production	  of	  OH-­‐	  was	  essential	   for	  the	  electrodeposition	  of	  TiO2	  from	  
TiOSO4.	  In	  our	  study,	  it	  was	  observed	  that	  there	  were	  there	  was	  no	  TiO2	  deposition	  in	  the	  
AAM	  pores	   in	   the	  absence	  of	  KNO3	  at	  deposition	  voltages	   in	   the	   range	  of	   -­‐1.4	  V	   to	  0	  V,	  
establishing	   that	   nitrate	   reduction	   was	   not	   only	   required	   in	   the	   formation	   of	   TiO2	  
nanorods	  but	  also	  in	  TiO2	  nanotube	  formation.	  
	  
	  
NO3
-­‐
	  (ads)	  +	  H2O	  +	  2	  e
-­‐	  !	  	  NO2
-­‐	  (ads)	  +	  2	  OH-­‐	  	   	  	  	  	  	  	   	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Equation	  4D)	  
TiOSO4	  +	  H2O2	  ↔	  Ti(O2)SO4	  +	  H2O	  (red	  solution)	  	   	  	  	  	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Equation	  4E)	  
Ti(O2)SO4	  +	  2OH
-­‐	  +	  (χ+1)H2O	  !	  TiO(OH)2.χH2O	  +	  H2O2	  +	  SO4
2-­‐	  !	  TiO2	  	  	  	  	  	  	  	  (Equation	  4F)	  
	  
To	  investigate	  the	  role	  of	  nitrate	  reduction	  in	  the	  deposition	  of	  TiO2	  nanorods	  (-­‐1.4	  V	  to	  -­‐
1.0	  V)	  and	  nanotubes	  (-­‐1.0	  V	  to	  -­‐0.3	  V),	  CV	  scans	  were	  carried	  out	  using	  a	  Ag	  flat	  electrode	  
and	  AAM	  electrode	  in	  a	  pH	  3	  bath	  solution	  consisting	  of	  only	  NO3
-­‐.	  The	  resultant	  current	  
voltage	  curves	  are	  shown	  in	  figure	  4-­‐6.	  There	  is	  a	  maxima	  match	  of	  the	  reduction	  peak	  at	  -­‐
1.0	  V	  to	  the	  reduction	  of	  NO3
-­‐.	  A	  significant	  difference	  between	  the	  CV	  scans	  on	  an	  Ag	  flat	  
electrode	   and	  AAM	   is	   the	  presence	  of	   a	   reduction	  peak	   at	   -­‐0.25	  V	  belonging	   to	   that	   of	  
deposition	  in	  a	  silver-­‐coated	  AAM,	  which	  is	  not	  seen	  for	  that	  on	  the	  Ag	  flat	  electrode.	  	  
	  
According	   to	   a	   study	   conducted	   by	   Bowen	   and	   Hughes	   [28],	   polyvalent	   anions	   such	   as	  
PO4
3-­‐	   and	   (COO)2
2-­‐	   from	   anodizing	   electrolytes	   of	   phosphoric	   and	   oxalic	   acid	   are	  
incorporated	   within	   the	  matrix	   of	   an	   AAM,	   whose	   surface	   consists	   of	   amphoteric	   sites	  
which	   are	   able	   to	   become	   positively	   or	   negatively	   charged	   depending	   on	   the	   pH	  
represented	  by	  equation	  4G	  and	  4H	  [29].	  At	  pH	  of	  4	  and	  lower,	  the	  concentration	  of	  PO4
3-­‐	  
and	   (COO)2
2-­‐	  anions	  are	  reduced	  according	  to	  equation	  4I	  and	  4J.	  At	   the	  same	  time,	   the	  
surface	  of	  the	  pore	  walls	  becomes	  positive-­‐charged,	  overall	  facilitating	  the	  adsorption	  and	  
reduction	  of	  negatively	  charged	  NO3
-­‐	   ions	  around	  the	  pore	  walls	  of	  AAM.	  From	  this,	   it	   is	  
reasonable	  to	  attribute	  the	  peak	  at	  -­‐0.25	  V	  to	  NO3
-­‐	  (ads)	  reduction	  to	  NO2
-­‐	  (ads)	  along	  the	  
pore	   walls	   of	   AAM	   according	   to	   equation	   4D.	   As	   the	   local	   pH	   increases,	   Ti(O2)SO4	   is	  
hydrolysed	   to	   form	  TiO2	  nucleation	  sites	  along	   the	  pore	  walls	  as	   illustrated	   in	   figure	  4-­‐6	  
steps	  1	  to	  3.	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MOH2
+↔	  MOH+H+	  	   (Equation	  4G)	  
MOH	  ↔	  MO-­‐+H+	  	  	   (Equation	  4H)	  
where	  M	  represents	  a	  metal	  ion	  of	  +2	  charge	  adsorbed	  onto	  Al2O3	  surface	  of	  AAM.	  
	  
PH-­‐↔	  P2-­‐+H+	  	   	   (Equation	  4I)	  
COOH	  ↔	  COO-­‐+H+	  	   (Equation	  4J)	  
	  
	  
	  
Figure	  4-­‐6.	  CV	  curves	  (v=20	  mV	  s-­‐1)	  at	  (A)	  Ag	  flat	  electrode	  and	  AAM	  (Area=0.80	  cm2)	  in	  
aqueous	  KNO3	  solutions	  of	  pH	  3;	  (B)	  at	  AAM	  (Area=0.80	  cm
2)	  in	  pH	  3	  aqueous	  solution	  of	  
KNO3+H2O2	  and	  TiOSO4+	  KNO3+H2O2.	  Regimes	  of	  potentials	  within	  -­‐1.4	  V	  to	  -­‐1.0	  V	  and	  -­‐1.0	  
V	  to	  -­‐0.3	  V	  as	  indicated	  above	  represent	  possible	  formation	  of	  TiO2	  nanorods	  and	  
nanotubes	  respectively	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Preceding	   the	   nucleation	   of	   TiO2	   along	   the	   pore	   walls,	   figure	   4-­‐7	   routes	   (i)	   and	   (ii)	  
illustrate	   the	   proposed	   deposition	   mechanisms	   of	   TiO2	   nanorods	   and	   nanotubes	  
formation	  respectively.	  The	  regeneration	  of	  NO3
-­‐	  species	   in	  route	  (i)	  step	  4	  distinguishes	  
the	   mechanism	   of	   TiO2	   nanorods	   formation	   from	   that	   of	   TiO2	   nanotubes.	   This	  
regeneration	   of	   NO3
-­‐	  may	   occur	   as	   a	   result	   of	   the	   re-­‐oxidation	   of	   reduced	  NO2
-­‐	   species	  
with	   the	  uncomplexed	  H2O2	  present	   in	   the	  electrolyte	   according	   to	   reaction	  4K.	   To	   test	  
the	   reaction	   of	   NO2
-­‐	   with	   H2O2,	   a	   highly	   selective	   reagent,	   mercaptoacetic	   acid,	  
HSCH2COOH	   was	   employed	   as	   an	   indicator	   for	   nitrite	   ions,	   which	   caused	   a	   solution	   of	  
nitrite	   to	   develop	   a	   characteristic	   salmon	   colour	   owing	   to	   the	   production	   of	   S-­‐nitroso	  
compound	  [30].	  In	  the	  test,	  3	  drops	  of	  HSCH2COOH	  were	  added	  to	  an	  aqueous	  solution	  of	  
50	  mM	  NaNO2,	  expectedly	  turning	  the	  mixture	  salmon	  pink.	  Upon	  adding	  10	  mM	  of	  H2O2,	  
a	   colourless	   solution	   was	   observed	   after	   5	   min	   of	   continuous	   stirring,	   indicating	   the	  
consumption	  of	  NO2
-­‐	  ions	  by	  reaction	  with	  H2O2.	  Two	  control	  tests	  involving	  the	  addition	  
of	  HSCH2COOH	  to	  H2O2	  and	  HSCH2COOH	  in	  NaNO2	  were	  carried	  out	  prior	  to	  the	  above	  test	  
which	  further	  confirms	  that	  under	  continuous	  stirring,	   the	  mixture	  containing	  both	  H2O2	  
and	  HSCH2COOH	  remained	  colourless,	  and	   that	  containing	  HSCH2COOH	  and	  NaNO2	  kept	  
its	  characteristic	  salmon	  colour	  throughout.	  	  
	  
NO2
-­‐+H2O2	  !	  NO3
-­‐+H2O	  	   	   (Equation	  4K)	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Figure	  4-­‐7.	  Schematic	  diagram	  illustrating	  nucleation	  of	  TiO2	  sites	  along	  pore	  walls	  of	  AAM	  
(step	  1	  to	  3);	  growth	  of	  TiO2	  nanorods	  via	  route	  (i)	  steps	  4	  to	  6	  from	  regeneration	  of	  NO3
-­‐	  
from	  re-­‐oxidation	  of	  reduced	  NO2
-­‐	  and	  TiO2	  nanotubes	  via	  (ii)	  steps	  4	  to	  5	  confined	  around	  
the	  pore	  walls	  from	  limited	  reduction	  rates	  NO3
-­‐	  
	  
The	  reduction	  rate	  of	  NO3
-­‐	  ions	  increases	  due	  to	  an	  abundant	  supply	  of	  NO3-­‐	  in	  the	  pores	  
generated	  by	   the	  continuous	   reoxidation	  of	   the	  NO2
-­‐	   to	  NO3
-­‐,	  as	  well	  as	   the	  diffusion	  of	  
NO3-­‐	  ions	  down	  the	  AAM	  according	  to	  route	  (i)	  step	  5.	  This	  is	  shown	  in	  Figure	  4-­‐6B	  where	  
both	   CV	   curves	   of	   KNO3/H2O2	   and	   KNO3/H2O2/TiOSO4	   electrolytes	   produce	   an	   increased	  
cathodic	   current	   towards	   the	   potential	   range	   of	   -­‐1.4	   V	   to	   -­‐1.0	   V	   for	   formation	   of	   TiO2	  
nanorods.	  At	  this	  potential,	  NO3
-­‐	  ions	  are	  saturated	  and	  distributed	  homogeneously	  within	  
the	   pores	   of	   AAM,	   where	   it	   is	   preferentially	   reduced	   to	   OH-­‐	   nearest	   the	   conducting	  
surfaces	  defined	  by	  the	  bottom	  conductive	  surface	  and	  pore	  walls	  of	  the	  AAM.	  Hydrolysis	  
of	  Ti(O2)SO4	  to	  TiO2	  then	  takes	  place	  on	  pre-­‐existing	  TiO2	  nucleation	  sites	  along	  the	  pore	  
walls	   of	  AAM	  and	   subsequently	   on	   existing	   TiO2	   particles	   as	   illustrated	   in	   step	  6,	   finally	  
resulting	  in	  a	  bottom	  up	  deposition	  of	  TiO2	  to	  form	  nanorods	  characterised	  by	  higher	  rates	  
of	  TiO2	  deposition	  around	  the	  pore	  walls.	  	  
	  
As	   deposition	   potentials	   move	   from	   -­‐1.2	   V	   to	   a	   less	   negative	   potential	   of	   -­‐0.3	   V,	   the	  
nanostructural	   growth	   of	   TiO2	   in	   the	   pores	   of	   AAM	   shifts	   from	   that	   of	   nanorods	   to	  
nanotubes.	   At	   deposition	   voltages	   of	   less	   negative	   than	   -­‐1.0	   V,	   the	   rate	   of	   nitrate	  
reduction	  starts	  to	  decrease,	  limiting	  the	  local	  amount	  of	  OH-­‐	  ions	  produced	  in	  the	  pores	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to	   result	  only	   in	  Ti(O2)SO4	  hydrolysis	  around	   the	  pore	  walls	  where	   initial	  TiO2	  nucleation	  
sites	  are	  located	  (figure	  4-­‐6	  route	  (ii)	  steps	  4	  and	  5).	  The	  SEM	  images	  in	  figure	  4-­‐8A	  and	  4-­‐
8B	  show	  TiO2	  nanotubes	  of	  different	  wall	   thickness	   (each	  averaged	  over	  20	  nanotubes).	  
TiO2	  nanotubes	  which	  are	  deposited	   from	  a	  voltage	  step	  of	   [-­‐0.9	  V/20s,	   -­‐0.7	  V/10800	  s]	  
(figure	   4-­‐xA)	   were	   observed	   to	   have	   an	   average	   wall	   thickness	   (denoted	   by	   Xave,0.7	   and	  
Xave,0.3	   in	   inset	   of	   figure	   4-­‐7A	   and	   4-­‐7B	   respectively)	   larger	   than	   that	   deposited	   at	   [-­‐0.5	  
V/20s,	   -­‐0.3	   V/10800s]	   (figure	   4-­‐8B),	   hence	   suggesting	   that	   there	   exists	   a	   proportional	  
relationship	  between	   the	   rate	  of	  nitrate	   reduction	  and	  wall	   thickness	  of	  TiO2	  nanotubes	  
within	  the	  potential	  range	  of	  -­‐1.0	  V	  to	  -­‐0.3	  V.	  	  	  	  	  
	  
The	  morphologies	  of	  TiO2	  nanostructures	   that	  can	  be	  achieved	   from	  the	   two	  deposition	  
regimes	  of	   [-­‐1.4	  V	  to	  -­‐1.0	  V]	  and	  [-­‐1.0	  V	  to	  -­‐0.3	  V]	  are	  not	  only	   limited	  to	  TiO2	  nanorods	  
and	   thin-­‐walled	   TiO2	   nanotubes.	   Additionally,	   TiO2	   nanostructures	   resulting	   from	  
deposition	   voltages	   of	   [-­‐1.4	   V/	   20s,	   -­‐0.7	   V/3580	   s]	   (figure	   4-­‐9A)	   and	   [-­‐0.9	   V/	   20s,	   -­‐1.2	  
V/3580	  s]	  (figure	  4-­‐9B)	  display	  morphologies	  that	  vary	  from	  those	  as	  seen	  earlier	  in	  figure	  
4-­‐8.	  	  
	  
Tubular	  nanostructures	  of	  TiO2	  were	  obtained	  from	  deposition	  voltages	  of	  [-­‐1.4	  V/	  20s,	  -­‐
0.7	  V/3580	  s]	  (figure	  4-­‐9A),	   in	  which	  its	  wall	  thickness	  of	  69.3	  ±	  8.9	  nm	  is	  approximately	  
three	  times	  that	  of	  TiO2	  nanotubes	  deposited	  at	  [-­‐0.9	  V/20s,	  -­‐0.7	  V/10800	  s]	  (figure	  4-­‐7A).	  
According	  to	  the	  proposed	  scheme	  in	  figure	  4-­‐9A,	  an	  overpotential	  of	  -­‐1.4	  V	  in	  the	  first	  20	  
s	   produces	   homogeneous	   TiO2	   sites	   on	   the	   AAM	   pore	   walls,	   arising	   from	   a	   high	   NO3
-­‐	  
reduction	   rate	   in	   the	  deposition	   regime	  of	   “TiO2	   nanorods”	   (refer	   to	   figure	   4-­‐6).	   As	   the	  
deposition	   potential	   is	  made	   less	   negative	   at	   -­‐0.7	   V	   after	   20	   s,	   reduction	   rates	   of	   NO3
-­‐	  
becomes	  limited,	  resulting	  in	  the	  decrease	  in	  deposition	  rates	  of	  TiO2	  (refer	  to	  figure	  4-­‐6).	  
Since	  most	   of	   the	   electrodeposition	   occurs	   in	   this	   deposition	   regime,	   the	   formation	   of	  
tubular	  nanostructures	   is	  as	  expected.	  Additionally,	   the	  homogeneous	  TiO2	   sites	   formed	  
around	  the	  AAM	  pore	  walls	  at	  -­‐1.4	  V	  in	  the	  first	  20	  s	  provides	  a	  high	  concentration	  of	  pre-­‐
existing	  sites	  from	  which	  subsequent	  TiO2	  growth	  occurs	  at	  -­‐0.7	  V,	  thereby	  accounting	  for	  
the	  thicker	  wall	  structures	  observed	  in	  figure	  4-­‐9A.	  
	  
At	   deposition	   voltages	  of	   [-­‐0.9	  V/20s,	   -­‐1.2	  V/3580	   s],	   irregular	   TiO2	  nanostructures	  with	  
morphologies	  resembling	  that	  between	  nanotubes	  and	  nanorods	  is	  achieved	  (figure	  4-­‐9B).	  
At	   an	   initial	   applied	   overpotential	   of	   -­‐0.9	   V	   for	   the	   first	   20	   s,	   reduction	   rate	   of	   NO3
-­‐	   is	  
limited,	   and	   a	   low	   rate	   of	   Ti(O2)SO4	   hydrolysis	   results	   in	   a	   low	   concentration	   of	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inhomogeneous	  TiO2	   sites	  on	   the	  pore	  walls	  of	  AAM	  (figure	  4-­‐10B).	  However,	  when	   the	  
deposition	  voltage	  is	  made	  more	  negative	  at	  -­‐1.2	  V	  after	  20	  s,	  electrodeposition	  shifts	  to	  
the	  regime	  of	  “TiO2	  nanorods”	  (figure	  4-­‐6)	  where	  the	  rate	  of	  NO3
-­‐	  reduction	  increases	  to	  
favour	   the	   hydrolysis	   of	   Ti(O2)SO4	   to	   TiO2.	   Based	   on	   the	   low	   availability	   and	  
inhomogeneous	  distribution	  of	  pre-­‐existing	  TiO2	  sites	  around	  the	  pore	  walls	  of	  the	  AAM,	  it	  
is	  postulated	   that	   the	  high	   rate	  of	  TiO2	  growth	  occurs	   in	   random	  orientations	   from	  pre-­‐
existing	  TiO2	  sites,	  which	  eventually	  results	  in	  irregular	  TiO2	  nanostructures	  (figure	  4-­‐9B).	  
	  
	  
	  
Figure	  4-­‐8.	  SEM	  images	  of	  TiO2	  nanotubes	  deposited	  nanotubes	  deposited	  from	  a	  voltage	  
step	  of	  (A)	  [-­‐0.9	  V/20s,	  -­‐0.7	  V/10800	  s]	  and	  (B)	  [-­‐0.5	  V/20s,	  -­‐0.3	  V/10800s]	  where	  
corresponding	  inset	  shows	  varying	  average	  wall	  thickness	  (Nx=20)	  denoted	  by	  Xave,0.7	  and	  
Xave,0.3	  respectively.	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Figure	  4-­‐9.	  SEM	  images	  of	  TiO2	  nanostructures	  deposited	  from	  a	  voltage	  step	  of	  A)	  [-­‐1.4	  V/	  
20s,	  -­‐0.7	  V/3580	  s]	  with	  average	  wall	  thickness	  (NX=20)	  denoted	  by	  Xave1)	  and	  B)	  [-­‐0.9	  V/	  
20s,	  -­‐1.2	  V/3580	  s];	  corresponding	  insets	  show	  magnified	  TiO2	  nanostructures	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Figure	  4-­‐10.	  Schematic	  illustration	  of	  A)	  formation	  of	  thick-­‐walled	  TiO2	  nanotubes	  at	  
deposition	  voltages	  of	  [-­‐1.4	  V/	  20s,	  -­‐0.7	  V/3580	  s],	  and	  B)	  irregular	  TiO2	  nanostructures	  at	  
deposition	  voltages	  of	  [-­‐0.9	  V/	  20s,	  -­‐1.2	  V/3580	  s]	  
	  
4.3.3.4. Problems	  encountered	  with	  TiO2	  deposition	  on	  Pt	  using	  TiOSO4	  precursor	  
The	   effects	   of	   a	   range	   of	   TiO2	   deposition	   voltages	   from	   Ti	   (IV)	   particularly	   on	   highly	  
catalytic	  surfaces	  such	  as	  Pt	  were	  investigated	  by	  depositing	  Pt	  nanorods	  prior	  to	  TiO2	  in	  
the	  pores	  of	  AAM.	  Despite	  success	  in	  the	  electrodeposition	  of	  TiO2	  at	  -­‐1.2	  V,	  there	  were	  
significant	  defects	   in	  the	  material.	   In	  particular	  the	  presence	  of	  gaps	  between	  segments	  
of	  TiO2	  and	  Pt	  seen	   in	  Figure	  4-­‐11(a)	   indicates	  poor	  attachment	  of	  TiO2	  to	  Pt	  within	  the	  
pores	  of	  AAM.	  Two	  scenarios	  in	  Figure	  4-­‐11(b)	  and	  4-­‐11(c)	  have	  been	  proposed	  to	  further	  
illustrate	  this.	  According	  to	  Figure	  411-­‐b,	  broken	  segments	  of	  TiO2	  seen	  along	  the	  pores	  
of	  AAM	  suggest	   that	   the	  preceded	  growth	  of	  TiO2	  nanorods	   from	  Pt	   surface	  were	   later	  
broken	  up	  by	  the	  generation	  of	  hydrogen	  bubbles	  occurring	  at	  a	  high	  operating	  voltage	  of	  
-­‐1.4	   V	   and	   -­‐1.2	   V.	   This	   may	   originate	   from	   tiny	   H2	   bubbles	   trapped	   within	   the	   TiO2	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nanostructures	  near	  the	  Pt	  surface,	  which	  eventually	  expand	  to	  create	  a	  propulsive	  force	  
upwards	   through	   the	   pores	   of	   the	   TiO2	   nanostructure	   within	   the	   AAM.	   In	   the	   second	  
scenario,	  the	  gaps	  between	  TiO2	  and	  Pt	  segments	  in	  Figure	  4-­‐11c	  depicts	  the	  possibility	  of	  
hydrogen	   gas	   evolved	   at	   the	   surface	   of	   Pt	   which	   would	   likely	   hinder	   the	   effective	  
nucleation	  and	  subsequent	  growth	  of	  TiO2	   from	  the	  surface	  of	  Pt.	  Lowering	  the	  applied	  
voltages	  to	  between	  -­‐0.1	  V	  to	  -­‐0.9	  V	  resulted	  in	  the	  formation	  of	  TiO2	  nanotubes	  instead	  
as	   discussed	   earlier	   4.6.3.3,	   which	   did	   not	   contribute	   towards	   a	   favourable	   growth	  
method	  for	  the	  fabrication	  of	  TiO2	  nanorod	  segments.	  	  	  
	  
	  
	  
	  
Figure	  4-­‐11.	  (a)	  SEM	  image	  showing	  gaps	  between	  segments	  of	  TiO2	  electrodeposited	  
from	  TiOSO4	  and	  Pt	  in	  AAM	  illustrated	  by	  schematic	  diagrams	  (b)	  and	  (c)	  
	  
	  
4.4. Templated	  Electrodeposition	  of	  TiO2	  from	  TiCl3	  
	  
4.4.1. 	  Materials	  
	  
Titanium	  chloride	  (TiCl3,	  Mr=	  154.230	  g/mol),	  titanium	  chloride	  solution	  (TiCl3	  ~10	  wt.	  %	  in	  20-­‐30	  
wt.	   %	   hydrochloric	   acid)	   and	   sodium	   hydrogen	   carbonate	   (NaHCO3,	   Mr=84	   g/mol)	   were	  
purchased	   from	  Sigma-­‐Aldrich.	  Hydrogen	  peroxide	   (6%	  w/v	  H2O2),	  hydrochloric	  acid	   (HCl,	  12%	  
v/v),	  nitric	  acid	  (69%	  HNO3)	  and	  potassium	  nitrate	  (KNO3)	  were	  obtained	  from	  BDH	  Laboratory	  
Supplies.	   Methanol	   (Chromasolv®	   Plus	   for	   HPLC	   ≥	   99.9	   %),	   hydrochloric	   acid	   (37%	   HCl)	   and	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sodium	  hydroxide	   (40	  %	  w/v	  NaOH)	  were	  purchased	   from	  VWR	  and	  ammonia	   solution	   (35	  %,	  
FW=17.05	   NH4OH)	   was	   purchased	   from	   Fischer	   Scientific.	   Commercial	   Anopore®	   aluminium	  
oxide	  hydrophilic	  membranes	  (AAM)	  of	  diameters	  25	  and	  47	  mm	  with	  200	  nm	  nominal	  pore	  size	  
and	  0.1	  μm	   filter	  pore	   size	  were	  commercially	  available	   from	  Whatman	   International	   Ltd.	  and	  
were	   used	   directly	   for	   electrodeposition	   without	   prior	   cleaning	   or	   pretreatment.	   Carbon	   film	  
supported	   copper	   TEM	   grids	   (300	   mesh)	   were	   purchased	   from	   Agar	   Scientific.	   Nanopure	  
deionised	  water	  was	  used	  in	  all	  the	  experiments.	  All	  chemicals	  were	  of	  analytical	  reagent	  grade	  
and	  were	  used	  without	  further	  purification.	  
	  
4.4.2. 	  General	  Experiment	  Practice	  
	  
4.4.2.1. Bath	  Solution	  Preparation	  of	  TiCl3	  
	  
The	   preparation	   of	   TiCl3	   precursor	   solution	   has	   been	   designed	   for	   normal	   ambient	  
conditions,	   eliminating	   the	   need	   to	   create	   an	   argon	   or	   nitrogen	   environment.	   This	  
simplifies	   the	  procedure	  and	   increases	   the	  ease	  of	  TiCl3	  precursor	  preparation.	  The	  step	  
procedures	   of	   successfully	   preparing	   a	   stable	   TiCl3	   precursor	   solution,	   as	   well	   as,	   the	  
respective	  reaction	  characteristics	  are	  described	  below.	  	  
	  
TiCl3	  in	  10-­‐20	  %	  aqueous	  HCl	  was	  preferred	  over	  powdered	  TiCl3	  as	  the	  precursor	  material	  
because	  the	  former	  was	  found	  to	  be	  more	  stable	  and	  thus	  easier	  to	  handle.	  A	  typical	  TiCl3	  
electrolyte	   was	   prepared	   by	   adding	   12.3	   g	   of	   NaHCO3	   (3	   M)	   in	   small	   batches	   of	  
approximately	  0.5	  g	  to	  0.35	  M	  TiCl3	  (~10	  wt.	  %	  in	  20-­‐30	  wt.	  %	  hydrochloric	  acid)	  in	  30	  ml	  
of	  DI	  water	  to	  tune	  the	  pH	  of	  solution	  to	  pH	  2-­‐2.5.	  The	  mixture	  is	  then	  swirled	  vigorously	  
to	   ensure	   that	   the	   violet	   solution	   turns	   clear	   before	   adding	   the	   next	   batch	   of	   0.5	   g	  
NaHCO3.	  As	  NaHCO3	  reacts	  with	  HCl	  to	  produce	  CO2,	  continuous	  vigorous	  swirling	  of	  the	  
TiCl3	  mixture	   dispels	   the	   gaseous	   CO2	   to	   ensure	   a	   resultant	   deep	   violet	   solution,	  which	  
does	  not	  precipitate	  and	  will	  remain	  stable	  during	  for	  up	  to	  5	  h	  of	  electrodeposition.	  The	  
resultant	  pH	  of	  the	  solution	  ranges	  between	  values	  of	  2	  to	  2.5.	  
	  
The	  known	  sensitivity	  of	  Ti3+	  salt	  and	  its	  aqueous	  solutions	  to	  traces	  of	  atmospheric	  O2	  has	  
led	   to	   the	   importance	   in	   controlling	   the	   atmospheric	   conditions	   for	   the	   preparation	   of	  
TiCl3	   aqueous	   electrolyte	   for	   the	   fabrication	   of	   TiO2	   nanostructures	   [19].	   Under	   normal	  
ambient	   conditions,	   oxidation	   of	   Ti3+	   proceeds	   via	   equation	   4L	   and	   4M	   by	   influence	   of	  
molecular	  oxygen	  present	  [31].	  This	  is	  simply	  represented	  by	  the	  rapid	  acidic	  hydrolysis	  of	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Ti3+,	  followed	  by	  a	  rate-­‐determining	  reaction	  of	  the	  reactive	  species,	  TiOH2+,	  with	  oxygen.	  
Therefore	  in	  order	  to	  limit	  reaction	  4M,	  many	  experiments	  involving	  TiCl3	  were	  carried	  out	  
under	  controlled	  atmospheric	  conditions	  to	  prevent	   interaction	  of	  TiCl3	  with	  oxygen	  and	  
moisture	   [8,	   19,	   24].	   Despite	   this,	   the	   preparation	   of	   TiCl3	   electrolyte	   and	  
electrodeposition	  of	  TiO2	  in	  our	  study	  as	  stated	  earlier	  are	  designed	  to	  perform	  well	  under	  
normal	  ambient	  conditions.	  	  
	  
Ti3+(aq)	  +	  H2O	  ⇔	  TiOH
2+	  +	  H+	  	  	  	  	  (Equation	  4L)	  
TiOH2+	  +	  O2	  !	  products	   	  (Equation	  4M)	  
	  
According	  to	  the	  buffering	  system	  of	  bicarbonate	  in	  equation	  4N,	  the	  addition	  of	  a	   large	  
amount	  of	  NaHCO3	   is	   likely	  to	  shift	  the	  equilibrium	  to	  the	  far	   left	  to	  produce	  CO2,	  which	  
was	   observed	   from	   the	   fizzing	   of	   TiCl3	   solution	   as	   an	   increased	   amount	   of	   NaHCO3	   is	  
added.	   The	   vigorous	   and	   continuous	   swirling	   of	   the	   TiCl3	  mixture	   thus	   helps	   to	   quickly	  
force	  CO2	  out	  of	   the	  solution,	  allowing	  the	  reaction	  to	  continually	  proceed	  to	  the	   left	   to	  
neutralize	  H+	  and	  thereby	  preventing	  the	  mixture	  from	  precipitating	  as	  soon	  as	  all	  sodium	  
hydrogen	  carbonate	  has	  been	  added.	  
	  
CO2+H2O	  	  	  ↔	  H2CO3	  	  ↔	  HCO3
-­‐+H+	  	  (Equation	  4N)	  	  
By	  varying	  the	  amount	  of	  NaHCO3	  added,	  the	  pH	  of	  TiCl3	  precursor	  solution	  can	  be	  tuned.	  
This	   is	  characterised	  by	  changes	   in	  the	  colour	  of	   the	  resultant	  solution	  and	   is	  associated	  
with	   the	   different	   Ti	   species	   present	   in	   the	   solution.	   Pecsok	   and	   Fletcher	   [32]	   reported	  
that	   monohydroxylated	   compound	   Ti(OH)(OH2)5
2+	   is	   the	   primary	   specie	   present	   in	   the	  
TiCl3	  bath	  solution	  of	  pH	  1	  to	  3.	  However	  as	  the	  pH	  is	  increased	  to	  3,	  Ti	  (III)	  hydroxylation	  
occurs	   and	   a	  black-­‐coloured	  dimer	  of	   Ti2O(OH2)10
4+	   is	   formed,	   turning	   the	   solution	   from	  
bright	   violet	   to	   a	   very	   deep	   blue.	   This	   black	   appearance	   was	   then	   concluded	   by	  
Cassaignon	  and	  co-­‐workers	  [33]	  to	  be	  the	  polycationic	  species	  with	  mixed	  valence	  arising	  
from	   an	   intervalence	   transfer	   between	   Ti(III)	   and	   Ti(IV).	   Despite	   reports	   in	   the	   slight	  
variations	  in	  both	  reports,	  there	  is	  a	  similar	  observation	  that	  the	  type	  of	  Ti	  active	  species	  
formed	  is	  sensitive	  to	  the	  pH	  of	  the	  TiCl3	  bath	  solution.	  This	  has	  been	  observed	  to	  affect	  
the	   quality	   of	   the	   deposited	   TiO2	   nanostructures	   will	   be	   further	   discussed	   in	   section	  
4.8.3.3.	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4.4.2.2. Templated	  Electrodeposition	  of	  TiO2	  Nanorods	  from	  TiCl3	  
TiO2	   nanorods	   were	   grown	   inside	   the	   pores	   of	   the	   AAM	   by	   applying	   a	   potentiostatic	  
control	   of	   -­‐0.2	   V	   (vs.	   Ag/AgCl)/	   x	   s	   using	   an	   AUTOLAB	   PGSTAT12	   potentiostat,	   where	   x	  
represents	  the	  desired	  time	  for	  electrodeposition.	  
	  
4.4.2.3. Method	  of	  Releasing	  TiO2	  Nanorods	  From	  Template	  
	  
After	   deposition,	   TiO2-­‐filled	   AAM	   is	   removed	   from	   the	   solution,	   gently	   rinsed	   with	   DI	  
water	  and	  annealed	  in	  air	  at	  600	  °C	  for	  2	  h	  to	  obtain	  anatase	  TiO2.	  To	  obtain	  freestanding	  
TiO2	  nanorods,	  TiO2-­‐filled	  AAM	  is	  suspended	  on	  the	  surface	  of	  3	  M	  NaOH	  for	  1	  h	  to	  etch	  
off	  the	  AAM	  and	  then	  rinsed	  gently	  with	  DI	  water.	  The	  suspension	  procedure	  of	  the	  TiO2-­‐
filled	  AAM	  on	  3	  M	  NaOH	  consists	  of	   firstly	   sealing	   the	  metal-­‐sputtered	  side	  of	   the	  AAM	  
with	   epoxy	   and	   attaching	   a	   string	   (approx.	   length	   of	   1-­‐2	   cm),	   followed	   by	   floating	   the	  
sample	   on	   NaOH	   solution	   with	   the	   metal-­‐sputtered	   side	   of	   the	   AAM	   facing	   upwards.	  
Attachment	  of	   the	  string	  to	  the	  sample	  enables	  easy	  removal	  of	   the	  sample	   from	  NaOH	  
solution	  after	  etching.	  Free	  TiO2	  nanorods	  are	  released	  by	  first	  etching	  off	  silver	  sputtered	  
layer	   by	   treating	   the	   AAM	   with	   an	   etching	   solution	   consisting	   of	   methanol,	   30%	  
ammonium	   hydroxide	   and	   30%	   hydrogen	   peroxide	   (5:1:1	   v/v/v)	   until	   all	   the	   silver	   has	  
been	   completely	   removed,	   followed	   by	   dissolving	   the	   AAM	   in	   3	  M	  NaOH	   solution.	   The	  
obtained	   TiO2	   nanorods	   are	   then	   centrifuged	   at	   2000	   RPM	   for	   15	   min	   and	   washed	  
repeatedly	  and	  finally	  dispersed	  in	  DI	  water	  or	  ethanol	  by	  sonication.	  	  	  
	  
4.4.3. 	  Results	  and	  Discussion	  
	  
4.4.3.1. Selection	  of	  TiCl3	  Reagent	  for	  Electrodeposition	  of	  TiO2	  Nanorods	  
TiCl3	   has	   become	   an	   important	   precursor	   in	   the	   electrodeposition	   of	   TiO2	   due	   to	   the	  
possibility	  of	  electrodepositing	  TiO2	  on	  Pt	  at	  lower	  voltages,	  thus	  overcoming	  the	  challenges	  
faced	  when	  TiOSO4	  has	  been	  employed	  as	  the	  precursor	  (details	  provided	  in	  section	  4.6.3.4).	  
Commercial	  TiCl3	  reagent,	  which	  is	  present	  in	  two	  forms:	  powder	  TiCl3	  and	  TiCl3	  solution	  (10	  
wt.	  %	  in	  20-­‐30	  wt	  %	  HCl)	  have	  been	  used	  in	  this	  study	  for	  the	  template	  electrodeposition	  of	  
TiO2.	  	  
	  
In	   this	   study,	   the	  advantage	  of	  using	  TiCl3	  was	   first	  discovered	   through	   the	  use	  of	  powder	  
TiCl3.	   The	   anodic	   oxidative	   hydrolysis	   reaction	   of	   Ti
3+	   to	   produce	   TiO2	   occurs	   at	   a	   less	  
	   100	  
negative	  potential	  of	  -­‐0.2	  V,	  minimising	  the	  evolution	  of	  H2	  from	  the	  Pt	  surface,	  which	  does	  
not	   hinder	   the	   continuous	   upward	   growth	   of	   TiO2	   in	   the	   AAM	   from	   the	   Pt	   surface.	   The	  
successful	  electrodeposition	  of	  the	  TiO2	  nanorod	  segment	  on	  Pt	  nanorods	  is	  shown	  in	  figure	  
4-­‐12.	  Additionally,	   this	  method	   facilitates	   the	  deposition	  of	  TiO2	  above	  Pt	  segments	  where	  
there	   are	   no	   observable	   structural	   defects	   from	   broken	   segments	   of	   TiO2	   due	   to	   H2	  
evolution,	  which	  had	  otherwise	  occurred	  via	  electrodeposition	  from	  TiOSO4	  precursor	  as	   it	  
was	  previously	  observed	  in	  figure	  4-­‐11.	  
	  
The	   preparation	   of	   the	   TiCl3	   electrolyte	   using	   powder	   TiCl3	   was	   however	   found	   to	   be	  
cumbersome	  as	  powder	  TiCl3	  itself	  is	  highly	  hygroscopic	  and	  is	  highly	  reactive	  when	  exposed	  
to	  air	  (fumes	  were	  immediately	  observed	  as	  soon	  as	  TiCl3	  contacts	  air).	  An	  alternative	  form	  
of	   commercially	   available	   TiCl3	   is	   the	  TiCl3	   solution	   (10	  wt.	  %	   in	  20-­‐30	  wt	  %	  HCl),	  which	   is	  
used	  for	  all	  the	  subsequent	  synthesis	  of	  TiO2.	  Diluted	  TiCl3	   in	  HCl	  solution	  is	  a	  more	  benign	  
reagent	   compared	   to	   powder	   TiCl3,	   hence	   overall	   easing	   the	   preparation	   of	   the	   TiCl3	  
electrolyte	  and	  allow	  for	  TiCl3	  precursor	  solution	  to	  be	  prepared	  under	  ambient	  conditions.	  
Overall,	   highly-­‐ordered	   TiO2	   nanorods	   could	   be	   successfully	   achieved	   using	   both	   powder	  
TiCl3	   and	   TiCl3	   solution	   (10	  wt.	   %	   in	   20-­‐30	  wt	  %	   HCl),	   with	   the	   latter	   being	   the	   preferred	  
choice	  due	  to	  the	  ease	  of	  handling.	  	  
	  
	  
	  
Figure	  4-­‐12.	  SEM	  images	  A)	  5	  k	  and	  B)	  15	  k	  magnification	  of	  free-­‐standing	  TiO2	  nanorods	  
electrodeposited	  on	  Pt	  nanorods	  using	  powder	  TiCl3	  powder	  as	  a	  starting	  material.	  TiO2	  
nanorods	  were	  deposited	  at	  -­‐0.1	  V	  (vs.	  Ag/AgCl,	  1	  M	  KCl	  at	  25	  oC)	  for	  2	  h.	  
	  
4.4.3.2. Characterisation	  of	  TiO2	  Nanorods	  Electrodeposited	  from	  TiCl3	  Precursor	  
Figure	   4-­‐13	   (i)	   shows	   a	   linear	   relationship	   between	   the	   lengths	   of	   the	   TiO2	   nanorods	  
(averaged	   over	   100	   nanorods)	   and	   the	   total	   amount	   of	   charge	   passed	   during	  
electrodeposition.	   Increasing	   lengths	   of	   the	   TiO2	   nanorods	   were	   prepared	   with	   a	   total	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charge	  of	  0.93	  C,	  2.77	  C,	  3.31	  C	  and	  6.36	  C	  respectively,	  using	  a	  membrane	  surface	  area	  of	  
approximately	  0.79	  cm2.	  The	  knowledge	  of	  the	   linear	  dependence	  of	  the	   length	  of	  TiO2	  on	  
the	  total	  deposition	  charge	  enables	  a	  realistic	  control	  over	  the	  desire	  length	  of	  TiO2	  segment	  
and	   the	   amount	   of	   material.	   Similar	   to	   the	   deposition	   transients	   resulting	   from	   TiO2	  
deposition	  using	  TiOSO4	  precursor,	  slightly	  decreasing	  deposition	  currents	  of	  TiO2	  deposition	  
from	   TiCl3	   precursor	   was	   also	   observed	   (figure	   4-­‐14).	   Likewise,	   this	   may	   be	   caused	   by	   a	  
decrease	   in	   the	   surface	   conductivity	   of	   TiO2	   with	   increasing	   deposition	   time.	   Comparison	  
between	   plot	   (i)	   and	   plot	   (ii)	   (derived	   from	   the	   current	   density	   time	   plots)	   indicates	   an	  
approximate	  56	  %	  Faradaic	  efficiency	  for	  the	  reaction.	  Using	  a	  TiCl3	  precursor	  bath	  solution	  
prepared	   from	  TiCl3	   solution	   reagent	   and	  a	   constant	  deposition	  potential	   of	   -­‐0.2	  V,	   highly	  
ordered	  and	  dense	  TiO2	  nanorods	  are	  achieved	  (figure	  4-­‐15).	  
	  
	  
Figure	  4-­‐13.	  (i)	  Plot	  of	  experimental	  lengths	  TiO2	  nanorods	  electrodeposited	  from	  aqueous	  
solution	  of	  TiCl3	  against	  total	  charge	  passed;	  (ii)	  plot	  derived	  from	  current-­‐time	  plots	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Figure	  4-­‐14.	  Deposition	  transients	  showing	  varying	  total	  charge	  passed	  A)	  0.93	  C,	  B)	  2.77	  
C,	  C)	  3.31	  C,	  D)	  6.36	  C	  under	  constant	  deposition	  voltage	  of	  -­‐0.2	  V	  (vs.	  Ag/AgCl,	  1	  M	  KCl	  
at	  25	  oC)	  from	  TiCl3	  precursor,	  to	  achieve	  varying	  amounts	  of	  TiO2	  deposition	  within	  
porous	  AAM	  	  
	  
	  
	  
Figure	  4-­‐15.	  A	  top	  view	  SEM	  image	  of	  free-­‐standing	  TiO2	  nanorods	  electrodeposited	  at	  
-­‐0.2	  V	  (vs.	  Ag/AgCl,	  1	  M	  KCl)	  from	  a	  TiCl3	  precursor	  bath	  solution	  prepared	  from	  TiCl3	  
solution	  reagent.	  Inset	  shows	  a	  magnified	  side-­‐view	  SEM	  image	  of	  the	  corresponding	  
TiO2	  nanorods.	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The	   phase	   transformation-­‐temperature	   profile	   of	   TiO2	   samples	   obtained	   from	   TiCl3	   were	  
analysed	   by	   the	   XRD	   diffraction	   performed	   on	   separately	   prepared	   TiO2	   films	   before	  
annealing	  and	  after	  annealing	  at	  400	  oC,	  450	  oC,	  500	  oC,	  600	  oC	  and	  700	  oC	  for	  5	  h	  in	  air.	  The	  
relatively	   small	   counts	   of	   TiO2	   peaks	  with	   respect	   to	   that	   of	   the	   Ag	   peaks	   is	   a	   result	   of	   a	  
much	   higher	   electron	   density	   of	   high	   purity	   silver	   foil	   substrate	   on	   which	   TiO2	   was	  
deposited.	   The	   XRD	   diffractogram	   in	   Figure	   4-­‐16	   confirms	   that	   the	   TiO2	   samples	   are	  
amorphous	   before	   thermal	   treatment	   and	   begins	   to	   crystallise	   at	   400	   oC	   with	   diffraction	  
peaks	   of	   anatase	   and	   rutile	   corresponding	   to	   JPCDS	   00-­‐002-­‐0406	   and	   01-­‐088-­‐1175	  
respectively.	   Based	   on	   the	   peak	   intensities,	   proportions	   of	   the	   different	   TiO2	   polymorphs	  
were	   evaluated	   using	   equation	   4O	   [34]	   where	   the	  main	   peaks	   (101)	   of	   TiO2	   anatase	   and	  
(110)	  of	  TiO2	   rutile	  were	  chosen	   for	   the	  analysis.	  The	   first	  appearance	  of	   the	  TiO2	  anatase	  
and	  rutile	  polymorph	  blend	  at	  500	  oC	  consists	  of	  approximately	  36	  %	  anatase	  and	  64	  %	  rutile	  
and	  as	  the	  sample	   is	  treated	  at	  a	  higher	  temperature	  of	  600	  oC,	  the	  proportion	  of	  anatase	  
increased	  to	  41	  %.	  	  
	  
XA=	  [1+1.26(IR/IA)]
-­‐1
	  	  	  	  (Equation	  4O)	  
	  
The	   co-­‐mixture	   of	   anatase	   and	   rutile	   phase	   present	   in	   TiO2	   nanorods	   from	   TiCl3	   (Ti
3+)	  
precursor	  is	   in	  contrast	  to	  that	  of	  TiO2	  nanorods	  from	  TiOSO4	  (Ti
4+)	  precursor	  (figure	  4-­‐4B),	  
where	  only	  TiO2	  anatase	  was	  achieved	  under	  the	  same	  annealing	  condition	  of	  600	  
oC.	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Figure	  4-­‐16.	  Multiple	  plots	  of	  XRD	  patterns	  of	  TiO2	  films	  electrodeposited	  from	  TiCl3	  
obtained	  at	  various	  temperatures	  from	  25	  to	  600	  oC	  (“A”	  and	  “R”	  indicates	  TiO2	  anatase	  
and	  rutile	  peaks	  respectively	  
	  
4.4.3.3. Effect	  of	  pH	  on	  TiO2	  Nanostructures	  	  
	  
It	  has	  been	  reported	   that	   the	  desired	  pH	  range	  of	  TiCl3	  electrolyte	   for	   the	  electrochemical	  
deposition	  of	  TiO2	  lies	  between	  1.5	  to	  3.1	  [19].	  This	  is	  because	  at	  a	  lower	  pH,	  the	  deposition	  
of	   TiO2	   is	   prevented	   by	   an	   increase	   in	   the	   solubility	   of	   TiO2,	   while	   at	   a	   high	   pH	   an	  
uncontrolled	  deposition	  of	  TiO2	  will	  result	  [24].	  The	  pH	  effects	  of	  the	  TiCl3	  precursor	  solution	  
on	  the	  TiO2	  nanostructures	  were	  investigated	  at	  pH	  1.5	  and	  2.5.	  Figure	  4-­‐17	  shows	  that	  TiO2	  
nanorods	  that	  were	  electrodeposited	  from	  an	  electrolyte	  of	  pH	  1.5	  had	  high	  porosity.	  This	  is	  
evident	   by	   the	   fact	   that	   Pt	   had	   infiltrated	   into	   the	   pores	   of	   TiO2	   structures	   as	   shown	   in	  
Figure	  4-­‐17,	  where	  the	  use	  of	  the	  backscattered	  SEM	  imaging	  enhances	  the	  imaging	  contrast	  
proportional	   to	   the	   material’s	   mean	   atomic	   number,	   thereby	   resulting	   in	   Pt	   to	   appear	  
brighter	   in	   the	   region	   of	   TiO2.	   In	   comparison,	   denser	   TiO2	   nanorods	   were	   achieved	   by	  
adjusting	  pH	  to	  2	  using	  NaHCO3.	  The	  formation	  of	  a	  clear	  junction	  between	  the	  TiO2	  and	  Pt	  
segments	  as	  seen	  in	  Figure	  4-­‐16B	  is	  the	  result	  of	  an	  increased	  in	  density	  of	  TiO2	  nanorods	  at	  
pH	   2	   where	   there	   are	   evidently	   fewer	   Pt	   particles	   inside	   the	   TiO2	   matrix.	   A	   series	   of	  
experiment	  carried	  out	  suggested	  that	  a	  pH	  range	  of	  1.9	  to	  2.5	  favours	  the	  growth	  of	  denser	  
TiO2	   nanostructures	  while	   highly	   porous	   TiO2	   nanostructures	   are	   produced	   at	   a	   lower	   pH	  
range	  of	  1.2	  to	  1.8.	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Figure	  4-­‐17.	  SEM	  images	  of	  TiO2/Pt	  nanostructures	  consisting	  of	  TiO2	  electrodeposited	  
electrodeposited	  at	  -­‐0.2	  V	  (vs.	  Ag/AgCl,	  1	  M	  KCl)	  from	  a	  TiCl3	  precursor	  bath	  solution	  
obtained	  at	  pH	  range	  of	  (a)	  1.3-­‐1.8	  (b)	  1.9-­‐2.5	  
	  
The	  schematic	  diagram	  in	  figure	  4-­‐18	  illustrates	  the	  proposed	  mechanisms	  for	  the	  formation	  
of	  different	  TiO2	  nanostructures	  at	  a	  pH	  1.3-­‐1.8	  and	  pH	  1.9-­‐2.5	  and	  may	  offer	  an	  explanation	  
to	   why	   there	   is	   a	   contrast	   in	   the	   density	   of	   TiO2	   nanostructures	   at	   pH	   range	   of	   1.9-­‐2.5	  
compared	   to	   pH	   1.3-­‐1.8	   as	   shown	   in	   figure	   4-­‐17.	   In	   a	   study	   of	   amphoteric	   properties	   of	  
hydrous	   Al2O3	   using	   alkalimetric	   and	   acidimetric	   titration,	   Huang	   and	   Stumm	   [29]	  
determined	  the	  pH	  at	  zero	  net	  adsorption	  of	  H+	  and	  OH-­‐	  to	  be	  8.50	  and	  had	  described	  the	  
extent	   of	   adsorption	   of	   cations	   on	   hydrous	   Al2O3	   to	   increase	   with	   increasing	   pH.	   Other	  
studies	  have	  also	  demonstrated	  similar	  properties	  of	  hydrous	  Al2O3	  and	  have	  characterized	  
the	   interaction	   of	   hydrous	   oxide	   with	   cations	   as	   an	   ion	   exchange	   process,	   in	   which	   the	  
adsorbed	   cations	   replace	   bound	   protons	   [35,	   36].	   Accordingly	   this	   has	   been	   illustrated	   in	  
figure	   4-­‐18,	   showing	   some	   bound	   protons	   are	   replaced	   by	   hydrolysed	   TiOH2+	   reactive	  
species.	  Since	  the	  extent	  of	  cation	  exchanges	  increases	  with	  pH,	  similarly	  it	  is	  proposed	  that	  
the	   extent	   of	   proton	   replacement	   with	   TiOH2+	   will	   be	   higher	   at	   pH	   range	   of	   1.9-­‐2.5	  
compared	   to	   that	   at	   pH	   1.3-­‐1.8,	   hence	   suggesting	   a	   higher	   number	   of	   active	   TiOH2+	  
nucleation	  sites	  at	  pH	  2	  which	  increases	  the	  rate	  of	  subsequent	  oxidation	  to	  TiO2.	  	  
	  
A	  CV	  study	  that	  had	  been	  performed	  in	  AAM	  using	  TiCl3	  precursor	  solution	  at	  pH	  1.3,	  1.5	  and	  
2	   (figure	   4-­‐19)	   indicates	   the	   dependence	   of	   TiOH2+	   oxidation	   rate	   on	   the	   pH	   of	   TiCl3	  
precursor	  solution.	  At	  a	  potential	  of	  -­‐0.2	  V,	  the	  steady-­‐state	  anodic	  current	  density	  of	  TiOH2+	  
oxidation	  is	  higher	  at	  pH	  of	  2	  compared	  to	  pH	  1.5	  and	  further	  decreases	  at	  pH	  is	  dropped	  to	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1.3.	  A	   similar	   trend	  was	  also	  observed	  by	  Kavan	  and	  co-­‐workers	   [19]	  on	  a	  Pt	   rotating	  disc	  
electrode.	   This	   further	   supports	   the	   proposed	   mechanism	   where	   the	   rate	   of	   TiOH2+	  
oxidation	  increases	  with	  the	  higher	  number	  of	  TiOH2+	  reactive	  sites	  present	  within	  the	  AAM	  
pores,	  arising	  from	  a	  greater	  extent	  of	  ion	  exchange	  at	  a	  higher	  pH.	  	  	  
	  
	  
	  
	  
Figure	  4-­‐18.	  Schematic	  illustration	  of	  the	  (i)	  formation	  of	  dense	  TiO2	  nanostructures	  from	  
Ti3+	  precursor	  solution	  of	  pH	  1.9	  to	  2.5;	  (ii)	  formation	  of	  highly	  porous	  TiO2	  nanostructures	  
from	  Ti3+	  precursor	  solution	  of	  pH	  1.2	  to	  1.8	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Figure	  4-­‐19.	  CV	  curves	  (v=20	  m/s)	  at	  AAM	  (Area=0.8	  cm2)	  in	  aqueous	  TiCl3	  precursor	  
solutions	  of	  A)	  pH	  2,	  B)	  pH	  1.5	  and	  C)	  pH	  1.3	  at	  20	  oC	  
	  
	  
4.4.3.4. Effect	  of	  Applied	  Voltage	  on	  TiO2	  Nanostructures	  
	  
	  
Figure	   4-­‐20	   shows	   changes	   in	   the	   nanostructures	   of	   TiO2	   electrodeposited	   from	   a	   TiCl3	  
precursor	  solution	  resulting	  from	  different	  deposition	  potentials	  of	  -­‐0.1	  V,	  -­‐0.2	  V,	  -­‐0.3	  V	  and	  
-­‐0.4	   V.	   The	   pH	   of	   the	   TiCl3	   precursor	   solution	   was	   kept	   at	   approximately	   pH	   2	   for	   all	  
electrodeposition	   performed	   at	   -­‐0.1	   V,	   -­‐0.2	   V,	   -­‐0.3	   V	   and	   -­‐0.4	   V.	   	   The	   reason	   for	   Pt	  
deposition	   as	   a	   second	   layer	   on	   TiO2	   is	   to	   elucidate	   the	   nanostructures	   of	   TiO2	   through	  
enhanced	  contrast	  between	  Pt	  and	  TiO2	  in	  the	  SEM	  backscattered	  mode.	  As	  seen	  in	  figure	  4-­‐
20B,	   arrays	   of	   well-­‐defined	   TiO2	   nanorod	   segments	   with	   an	   average	   length	   (over	   10	  
nanorods)	  of	  606	  ±	   40	  nm	  were	  achieved	  at	   -­‐0.2	  V.	  At	  more	  negative	  potentials	  of	   -­‐0.3	  V	  
(figure	   4-­‐19C),	   shorter	   TiO2	   length	   segments	   of	   approximately	   213	   ±	   14	   nm	   	   (over	   10	  
nanorods)	   were	   achieved;	   and	   a	   further	   decrease	   in	   the	   deposition	   potential	   at	   -­‐0.4	   V	  
resulted	   in	   the	   disappearance	   of	   TiO2	   nanorod	   segments	   where	   instead	   tubular	  
nanostructures	  of	  TiO2	  are	  formed	  (figure	  4-­‐19D).	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Figure	  4-­‐20.	  Backscattered	  SEM	  images	  of	  morphology	  of	  TiO2-­‐Pt	  nanostructures	  deposited	  
at	  (A)	  -­‐0.1	  V	  (B)	  -­‐0.2	  V	  (C)	  -­‐0.3	  V	  (D)	  -­‐0.4	  V	  (vs.	  Ag/AgCl,	  1	  M	  KCl)	  from	  TiCl3	  precursor	  at	  pH	  2;	  
inset	  in	  D	  shows	  a	  high	  magnification	  of	  Pt-­‐TiO2-­‐core-­‐shell	  structure	  	  
	  
	  
A	  proposed	  schematic	  diagram	   in	  Figure	  4-­‐21	   relates	   the	   rate	  of	   the	  TiOH2+	  oxidation	  and	  
anodic	   current	   densities	   to	   the	   growth	   of	   TiO2	   in	   the	   AAM	   and	   hence	   explains	   the	   TiO2	  
nanostructures	  obtained	   in	   figure	  4-­‐20.	  As	   established	  earlier,	   it	   can	  be	  assumed	   that	   the	  
extent	   of	   TiOH2+	   active	   sites	   adsorbed	   on	   the	   pore	  walls	   of	   the	   AAM	   are	   the	   same	   for	   3	  
different	  samples	  (a),	  (b)	  and	  (c)	  before	  voltage	  is	  applied.	  Referring	  back	  to	  the	  CV	  scan-­‐pH	  
2	  in	  figure	  4-­‐19,	  a	  moderately	  higher	  anodic	  current	  density	  is	  achieved	  at	  -­‐0.2	  V	  compared	  
to	  significantly	  lower	  current	  densities	  at	  potentials	  of	  -­‐0.3	  V	  and	  -­‐0.4	  V.	  From	  this,	  a	  higher	  
TiO2	  growth	  rate	  can	  be	  expected	  from	  an	  increased	  reaction	  of	  TiOH
2+	  oxidation,	  resulting	  
in	  denser	  TiO2	  nanostructures.	   The	  variations	   in	  TiO2	  growth	   rates	  are	   represented	  by	   the	  
length	   and	   number	   of	   the	   arrows	   indicated	   in	   the	   2nd	   step	   of	   figure	   4-­‐22,	   where	   longer	  
arrows	  suggest	  higher	  rates	  of	  TiO2	  growth.	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Figure	  4-­‐21.	  Schematic	  diagram	  relating	  the	  rate	  of	  the	  TiOH2+	  oxidation	  and	  anodic	  current	  
densities	  to	  the	  growth	  of	  TiO2	  in	  the	  AAM	  at	  deposition	  potentials	  of	  (a)	  -­‐0.2	  V,	  (b)	  -­‐0.3	  V,	  (c)	  -­‐
0.4	  V	  (vs.	  Ag/AgCl,	  1	  M	  KCl)	  and	  the	  respective	  TiO2	  nanostructures	  achieved	  	  
	  
	  
Next,	   a	   comparison	   is	  made	  between	  TiO2	   nanorod	   structures	   electrodeposited	   at	   pH	  2	   TiCl3	  
solution	  at	  deposition	  potentials	  of	  -­‐0.1	  V	  and	  -­‐0.2	  V.	  As	  seen	  in	  figure	  4-­‐20,	  the	  TiO2	  nanorods	  
deposited	  at	  -­‐0.1	  V	  are	  more	  porous	  than	  that	  at	  -­‐0.2	  V,	  as	  there	  is	  a	  higher	  amount	  of	  bright	  
region	  (Pt)	  observed	  within	  the	  TiO2	  segments	  grown	  at	  -­‐0.1	  V.	  	  Referring	  back	  to	  the	  CV	  scan-­‐	  
pH	  2	  in	  figure	  4-­‐19	  reveals	  that	  the	  steady-­‐state	  anodic	  current	  density	  (2.8	  mA	  cm-­‐2)	  at	  -­‐0.1	  V	  is	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significantly	  higher	  than	  that	  at	   -­‐0.2	  V	  (0.75	  mA	  cm-­‐2),	   thereby	  suggesting	  a	  higher	  deposition	  
rate	  occurring	  at	  -­‐0.1	  V.	  	  
	  
Based	   on	   varying	   deposition	   rates	   occurring	   between	   conditions	   at	   -­‐0.1	   V	   and	   -­‐0.2	   V,	   a	  
schematic	   illustration	   has	   been	   postulated	   in	   figure	   4-­‐22.	   As	   rapid	   rate	   of	   TiOH2+	   oxidation	  
occurs	   initially	   at	   -­‐0.1	   V	   (high	   anodic	   current	   densities),	   the	   concentration	   of	   TiOH2+	   active	  
species	  at	  the	  vicinity	  of	  the	  existing	  TiO2	  nuclei	  in	  the	  AAM	  becomes	  depleted,	  causing	  reaction	  
rate	   to	  become	  diffusion-­‐controlled.	  This	  causes	  a	  non-­‐uniform	  grain	  growth	  arising	   from	  the	  
non-­‐homogeneous	   availability	   of	   TiOH2+	   reactive	   species	   at	   existing	   TiO2	   nuclei	   sites,	   overall	  
producing	   a	   highly	   porous	   TiO2	   nanorod	   consisting	   of	   TiO2	   particles	   with	   broader	   size	  
distributions	  within	   the	  AAM	   (figure	  4-­‐21B).	   In	   contrast,	   figure	  4-­‐22A	   shows	  a	  more	   compact	  
TiO2	  nanorod	  structure	  consisting	  of	  TiO2	  particles	  of	  narrower	  size	  distribution,	  as	  a	  result	  of	  
moderate	   and	   smooth	   grain	   growth	   at	   lower	   current	   densities.	   In	   a	   study	   of	   diffusion-­‐
controlled	   processes	   in	   Ag	   electrodeposition,	   Globa	   and	   co-­‐workers	   [37]	   had	   observed	  
significant	  non-­‐uniformity	  in	  Ag	  deposited	  in	  the	  AAM,	  resulting	  from	  limiting	  concentrations	  at	  
sufficiently	   high	   current	   densities.	   Although	   several	   other	   studies	   have	   reported	   on	   coarse-­‐
grain	   growth	  at	   elevated	   temperatures	   [38,	   39],	   this	  phenomenon	  may	  be	  analogous	   to	  high	  
current	  densities,	  since	  both	  effects	  suggest	  increase	  in	  reaction	  rates.	  	  	  
	  
	  
	  
Figure	  4-­‐22.	  Schematic	  diagram	  illustrating	  (A)	  dense	  TiO2	  nanorod	  consisting	  of	  uniform	  
particles	  as	  a	  result	  of	  smooth	  and	  moderate	  TiO2	  grain	  growth	  at	  deposition	  potentials	  of	  -­‐0.2	  
V	  (vs.	  Ag/AgCl,	  1	  M	  KCl),	  (B)	  highly	  porous	  TiO2	  nanorod	  consisting	  of	  particles	  with	  large	  size	  
distribution	  resulting	  from	  rapid	  and	  coarse	  TiO2	  “particle”	  growth	  at	  -­‐0.1	  V	  (high	  current	  
densities)	  (vs.	  Ag/AgCl,	  1	  M	  KCl);	  Pt	  provides	  a	  contrast	  in	  the	  porosity	  of	  TiO2	  nanorods	  in	  (A)	  
and	  (B)	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4.5. Conclusion	  
	  
Highly	   ordered	   1D	   nanostructures	   of	   TiO2	   were	   successfully	   prepared	   from	   the	   templated	  
electrodeposition	   of	   two	   different	   precursors:	   TiOSO4	   (Ti
4+)	   and	   TiCl3	   (Ti
3+).	   High	   potentiostatic	  
conditions	  of	   -­‐1.2	  V	  (vs.	  Ag/AgCl,	  1	  M	  KCl	  at	  25	  oC)	  using	  TiOSO4	  precursor	  resulted	   in	  TiO2	  nanorods,	  
but	  at	  the	  same	  time	  had	  promoted	  hydrogen	  evolution,	  which	  made	  it	  challenging	  for	  TiO2	  nanorods	  to	  
be	  deposited	  onto	  noble	  metal	  surfaces	  such	  as	  Pt;	  while	  lowering	  the	  potentiostatic	  voltages	  resulted	  in	  
the	   growth	  of	   TiO2	   nanotubes.	   Supported	  by	  a	   series	   of	   cyclic	   voltammetry	   study	   and	   chemical	   tests,	  
detailed	  mechanisms	  of	  their	  respective	  growth	  were	  determined;	  and	  the	  differentiating	  factor	  to	  the	  
formation	  of	  TiO2	  nanorods	  and	  nanotubes	  was	  understood	  to	  be	  the	  regeneration	  of	  high	  amounts	  of	  
NO3-­‐	  species	  occurring	  at	  more	  negative	  deposition	  voltages.	  	  
	  
A	   protocol	   for	   the	   electrodeposition	   of	   TiO2	   nanorods	   from	   TiCl3	   precursor	   was	   established,	   which	  
involves	  a	  low	  deposition	  voltage	  of	  -­‐0.2	  V	  (vs.	  1	  M	  Ag/AgCl)	  that	  would	  facilitate	  the	  deposition	  of	  TiO2	  
on	   noble	  metals	   such	   as	   Pt.	   The	   ability	   to	   synthesize	   TiO2	   nanostructures	   from	  a	   stable	   TiCl3	   solution	  
prepared	   under	   normal	   ambient	   conditions	   will	   provide	   the	   flexibility	   and	   ease	   at	   which	   TiCl3,	   a	  
compound	  that	  is	  highly	  sensitive	  to	  moisture	  and	  air,	  can	  be	  handled	  even	  in	  the	  absence	  of	  an	  argon	  
or	  nitrogen	  environment.	  Additionally,	  changes	   in	  potentiostatic	  conditions	  such	  as	  pH	  and	  deposition	  
potentials	   revealed	   changes	   in	  TiO2	  morphology,	   in	  which	  are	  explained	   through	  a	   series	  of	  proposed	  
mechanisms.	  
	  
Overall,	   the	   proposed	   mechanisms	   here	   may	   offer	   an	   explanation	   to	   the	   electrodeposition	   of	   other	  
metal	   oxide	   nanotubes	   and	   additionally	   provide	   us	   insight	   to	   tailoring	   metal	   oxide	   nanotubes	   and	  
nanorods	  in	  the	  future.	  It	  is	  no	  doubt	  that	  these	  highly	  ordered	  1D	  TiO2	  nanostructures	  will	  find	  a	  wide	  
variety	  of	  uses.	  The	  robust	  structure	  of	  TiO2	  nanorods	  can	  be	  incorporated	  into	  designing	  nanostructural	  
metal-­‐semiconductor	   striped	   nanorods	   for	   catalysts,	   biosensors	   and	   nanoelectronics;	   while	   the	  
presence	   of	   open-­‐ends	   and	   hollow	   cores	   of	   TiO2	   nanotubes	   open	   up	   possibilities	   in	   creating	   1D	  
composites	  of	  TiO2	  by	  the	  direct	  encapsulation	  of	  other	  materials	  into	  its	  core	  nanostructure.	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Chapter	  5: Templated	  Electro-­‐deposition	  of	  Segmented	  Nanostructures	  of	  TiO2	  
and	  Pt	  
	  
5.1. Introduction	  
Recently	   much	   interest	   has	   been	   directed	   toward	   the	   use	   of	   one-­‐dimensional	   multi-­‐segmented	  
nanostructures	  for	  a	  range	  of	  functional	  applications	  such	  as	  catalysis	  [1,	  2];	  biodetection	  and	  biosensing	  
[3,	   4];	   and	   optical	   applications	   [5,	   6].	   The	   usefulness	   of	   one-­‐dimensional	   multi-­‐segmented	  
nanostructures	   such	   as	   nanorods	   can	   be	   attributed	   to	   their	   highly	   ordered	   structure	   consisting	   of	   a	  
controlled,	  alternating	  distribution	  of	  complementary	  material	   segments.	  Their	   relatively	   large	  specific	  
surface	   area	   and	   extremely	   high	   aspect	   ratios	   offer	   the	   potential	   to	   design	   and	   build	   nanostructures	  
with	  multiple	  chemical	  components	  aligned	  along	  the	  longitudinal	  axis.	  	  
	  
One	  method	  of	  preparing	   these	  ordered	  arrays	  of	  multisegmented	  nanorods	  with	   such	  control	   in	   size	  
and	  composition	  is	  by	  template-­‐assisted	  electrodeposition	  where	  the	  target	  material	  is	  electrodeposited	  
into	   cylindrical	   pores	   of	   a	   suitable	   template	   such	   as	   anodic	   aluminium	   oxide	  membranes	   (AAM).	   The	  
pre-­‐eminence	   of	   templated	   electrodeposition	   is	   the	   ability	   to	   precisely	   control	   the	   position	   and	  
composition	  of	  different	  materials	  along	  the	  lengths	  of	  the	  nanorods	  to	  prepare	  a	  highly	  ordered	  one-­‐
dimensional	  multi-­‐segmented	   nanostructure.	   In	   controlling	   the	   distribution	   of	   active	   sites,	   it	   offers	   a	  
unique	   opportunity	   to	   prepare	   nanorods	   with	   highly	   reproducible	   interfaces	   between	   segments	   of	  
different	  materials	  and	  hence	  the	  possibility	  to	  manipulate	  its	  functional	  activity.	  Additionally,	  template-­‐
assisted	   electrodeposition	   is	   becoming	   the	   preferred	  method	   as	   increased	   emphasis	   is	   placed	   on	   low	  
cost,	  high	  throughput,	  high	  volume	  and	  ease	  of	  production	  [7].	  
	  
Regardless	  of	  the	  type	  and	  number	  of	  materials	  to	  be	  deposited,	  the	  same	  general	  procedure	  applies	  to	  
the	  fabrication	  of	  multi-­‐segmented	  1-­‐D	  nanostructures	  via	  templated	  electrodeposition	  (figure	  5-­‐1).	  The	  
first	  step	  requires	  sputtering	  of	  a	  metal	  layer	  on	  one	  side	  of	  the	  AAM	  to	  cover	  the	  pores	  of	  the	  AAM	  and	  
to	   make	   it	   conductive	   as	   a	   working	   electrode.	   A	   sacrificial	   layer	   is	   then	   deposited	   into	   the	   AAM	   to	  
protect	  the	  core	  materials	  during	  the	  etching	  process	  of	  the	  conductive	  layer.	  After	  electrodeposition	  of	  
the	   number	   of	   desired	   segments	   in	   the	   AAM,	   the	   multi-­‐segmented	   nanostructures	   are	   released	   by	  
chemically	  dissolving	  the	  conductive	  layer,	  sacrificial	  material	  and	  the	  AAM.	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Figure	  5-­‐1.	  	  General	  scheme	  for	  the	  fabrication	  of	  multi-­‐segmented	  1-­‐D	  nanostructures	  by	  
templated	  sequential	  electrodeposition	  
	  
	  
In	   some	   cases,	   the	   electrodeposition	   of	   multi-­‐layer	   1-­‐D	   nanostructures	   can	   be	   achieved	   by	  
employing	  a	  single	  electrolyte	  bath	  consisting	  of	  multiple	  metal	  ions.	  With	  well-­‐separated	  redox	  
potentials	   between	   the	   two	  metals,	   the	   less	   active	  metal	  will	   be	   electrodeposited	   at	   a	   lower	  
potential,	  while	  applying	  a	  higher	  potential	  will	  allow	  the	  deposition	  of	  the	  more	  active	  metal.	  
Typically,	  the	  less	  active	  metal	   is	  kept	  at	  a	  higher	  concentration	  than	  the	  more	  active	  metal	  so	  
that	   the	   segments	  deposited	   at	   a	   higher	   overpotential	   contains	   predominantly	   that	  metal.	   By	  
applying	  pulsed	  electrochemical	  deposition,	  the	  deposition	  voltages	  can	  be	  easily	  modulated.	  	  
	  
5.2. 	  Literature	  review	  
The	  first	  electrochemical	  metal	  deposition	  into	  a	  hard	  template	  was	  demonstrated	  by	  Possin	  [8],	  where	  
Zn,	  Sn	  and	  In	  nanowires	  were	  fabricated	  by	  electrodeposition	  in	  small	  pores	  of	  track-­‐etched	  mica.	  This	  
method	  was	  later	  popularized	  by	  Penner	  and	  Martin	  [9]	  as	  a	  fabrication	  technique	  for	  metal	  nano-­‐	  and	  
microstructures;	   by	   Martin	   and	   co-­‐workers	   [10]	   and	   Brumlik	   and	   Martin	   [11]	   for	   the	   fabrication	   of	  
organic	  and	  metallic	  microtubules.	  Using	  nuclear	   track	   filters	  as	   templates,	  Chakarvati	  and	  Vetter	   [12]	  
reported	  for	  the	  first	  time,	  the	  electrodeposition	  of	  semiconductor-­‐metal	  (Se-­‐Cu)	  microstructures.	  
	  
Since	   then,	   the	   study	   of	   the	   synthesis,	   properties	   and	   applications	   of	   multi-­‐segmented	   1-­‐D	  
nanostructures	   has	   advanced.	   These	   include	   multi-­‐segmented	   nanostructures	   consisting	   mostly	   of	   a	  
combination	   of	   metals,	   semiconductors	   and	   polymers.	  Multi-­‐segmented	   nanostructures	   consisting	   of	  
multiple	   different	   components	   possess	   unique	   physical	   and	   chemical	   properties,	   which	   extend	   their	  
functionality	  beyond	  those	  of	  their	  individual	  components.	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To-­‐date,	  there	  have	  been	  extensive	  reports	  on	  the	  templated	  electrodeposition	  of	  multi-­‐segmented	  1-­‐D	  
metallic	  nanostructures,	  due	   to	  advantages	   from	  their	   confinement	   to	  nanoscale	  dimensions.	  Metallic	  
nanowires	  synthesized	  from	  magnetic	  and	  non-­‐magnetic	  couples	  such	  as	  Co-­‐Cu	  [13],	  Ni-­‐Co	  [14],	  Fe-­‐Cu	  
[15]	  and	  NiFe/Cu/NiFe	  [16]	  were	  studied	  for	  their	  GMR	  effects.	  As	  opposed	  to	  their	   individual	  metallic	  
components	   of	   Fe,	   Co	   and	   Ni,	   these	   metallic	   multi-­‐layer	   nanostructures	   were	   found	   to	   exhibit	   giant	  
magnetoresistance	  (GMR)	  due	  to	  the	  resultant	  electronic	  structures	  of	  the	  magnetic	  and	  non-­‐magnetic	  
layers	   [17].	  Tanase	  and	  co-­‐workers	   [18],	  and	  Myung	  and	  Hungarter	   [19]	  have	  successfully	   synthesized	  
Pt/Ni	   and	   Ni/Au	   nanowires	   and	   have	   revealed	   the	   function	   of	   these	  metallic	   nanowires	   as	   resistors,	  
owing	   to	   their	   ohmic	   behaviour.	   Additionally,	   the	   presence	   of	   multiple	   striping	   patterns	   of	   metallic	  
nanorods	  such	  as	  those	  consisting	  of	  Au/Ag	  find	  their	  uses	  as	  optical	  tags	  and	  biodetectors,	  as	  varying	  
composition	  and	  thickness	  in	  their	  striping	  patterns	  show	  distinct	  contrast	  in	  both	  optical	  and	  electron	  
microscopy,	  and	  also	  in	  the	  simultaneous	  identification	  of	  multiple	  species	  in	  a	  solution	  [3,	  20,	  21].	  With	  
the	  ability	  to	  control	  the	  composition,	  size,	  distribution,	  surface	  area	  and	  morphology	  through	  template	  
electrodeposition,	  metallic	   nanostructures	   of	  Ni-­‐Cu	   [1],	   Pt-­‐Ni	   [2],	   Pt-­‐Ru	   [22]	   and	   Pt-­‐Au	   also	   provide	   a	  
model	  system	  for	  the	  study	  of	  catalytic	  activity.	  	  
	  
In	  addition	  to	  metallic	  multi-­‐segmented	  1-­‐D	  nanostructures,	  multi-­‐segmented	  nanostructures	  consisting	  
of	   a	   combination	   of	   metal,	   semiconductor	   and	   polymer	   have	   also	   been	   successfully	   achieved	   by	  
templated	  electrodeposition	  and	  find	  applications	  as	  transistors	  and	  switches.	  Mallouk	  and	  co-­‐workers	  
have	   synthesized	  multi-­‐segmented	  Au-­‐CdS	   nanowires	   (sheathed	   in	   Si)	   through	   electroplating	   in	   AAM,	  
which	   showed	   the	   behaviour	   of	   a	   field-­‐effect	   transistor	   (FET).	   Nanowires	   of	   Au-­‐Ppy-­‐Cd-­‐Au	   [23]	   were	  
shown	  to	  possess	  electronic	  transport	  properties	  arising	  from	  the	  Schottky	  contact	  between	  Ppy	  and	  Cd,	  
and	  the	  electrical	  contacts	  provided	  by	  Au	  caps.	  Similarly,	  works	  involving	  the	  synthesis	  of	  Au-­‐CdSe-­‐Au	  
[24]	   and	   TiO2/W21O41	   (paratungsate)	   /PAN	   (polyaniline)/SWNTs	   (single-­‐walled	   carbon	   nanotubes)	   [25]	  
multi-­‐layer	   nanowires	   were	   also	   reported	   to	   function	   as	   diodes.	   	   Non-­‐ohmic	   response,	   on	   the	   other	  
hand,	   resulted	   from	   nanowires	   of	   Au-­‐TiO2-­‐Au,	  where	   it	  was	   proposed	   that	   the	   TiO2	   defects	   could	   be	  
responsible	  for	  this	  phenomenon	  [26].	  	  
	  
To	  date,	  works	  on	  the	  templated	  electrodeposition	  of	  multi-­‐segmented	  TiO2/Pt	  nanostructures	  are	  very	  
limited.	   There	   is	   currently	   only	   one	   study	   reporting	   bi-­‐segmented	   TiO2-­‐Pt	   and	   Pt-­‐capped-­‐TiO2	  
nanostructures	   synthesized	   via	   TiO2	   electro-­‐less	   deposition	   on	   prior	   electrodeposited	   Pt	   [27].	   In	  
addition,	  TiO2/Pt	  nano-­‐systems	   for	  photocatalysis	  consist	  mostly	  of	  Pt	  nanoparticles	  dispersed	  on	  TiO2	  
nanostructures	  and	  films	  [28-­‐30];	  or	  Pt	  nanocatalysts	  embedded	  on	  TiO2	  [31]	  where	  the	  functionality	  of	  
TiO2	  may	   be	   limited	   due	   to	   the	   exposed	   surface	   of	   TiO2	   being	   blocked	   by	   the	   coverage	   of	   Pt.	   In	   this	  
chapter,	   novel	   1-­‐D	   TiO2/Pt	   nanorods	   consisting	   of	   alternating	   lengths	   of	   TiO2	   and	   Pt	   segments	   are	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designed	   to	   create	   maximum	   surface	   area	   of	   exposure	   for	   the	   purpose	   of	   photocatalysis.	   Here,	   we	  
report	  on	  the	  procedures	  of	  fabricating	  highly	  ordered	  segmented	  TiO2-­‐Pt,	  TiO2-­‐Pt-­‐TiO2	  and	  Pt-­‐TiO2-­‐Pt-­‐
TiO2	   nanorods	   by	   sequential	   electrodeposition	   within	   AAM,	   based	   on	   procedures	   that	   had	   been	  
established	  earlier	  in	  chapters	  3	  and	  4.	  By	  employing	  templated	  electrodeposition,	  individual	  segment	  of	  
TiO2	  and	  Pt	  can	  be	  conveniently	  tuned	  to	  study	  its	  effect	  on	  photocatalytic	  activity	  and	  at	  the	  same	  time,	  
offers	   the	   possibility	   of	   reproducing	   multiple	   TiO2/Pt	   interfaces,	   which	   play	   an	   essential	   role	   in	  
enhancing	  the	  photoactivity	  of	  TiO2.	  	  
	  
5.3. Synthesis	  of	  Multi-­‐segmented	  TiO2/Pt	  Nanorods	  
	  
5.3.1. Materials	  	  
Materials	   employed	   for	   the	   synthesis	   of	   multi-­‐segmented	   TiO2/Pt	   nanorods	   are	   as	   listed	   in	  
chapter	  3	  and	  4.	  Unless	  otherwise	  stated,	  deposition	  conditions	  for	  all	  TiO2	  segments	  from	  TiCl3	  
precursor	   bath	   solution	   are	   -­‐0.2	  V	   (vs.	   Ag/AgCl,	   1	  M	  KCl,	   25	   oC)	   and	   that	   of	   Pt	   segment	   from	  
PtCl6
2-­‐	  precursor	  bath	  solution	  are	  -­‐0.4	  V	  for	  20	  s,	   followed	  by	  -­‐0.2	  V	  (vs.	  Ag/AgCl,	  1	  M	  KCl,	  25	  
oC).	  
	  
5.3.2. General	  Experimental	  Practice	  
	  
Segmented	   nanorods	   consisting	   of	   alternating	   segments	   of	   Pt	   and	   TiO2	   are	   synthesized	   via	  
sequential	   electrochemical	   deposition	   from	   their	   precursor	   electrolytes	   of	   Na2PtCl6·∙6H2O	   and	  
TiCl3	   (~10	   wt.	   %	   in	   20-­‐30	   wt.	   %	   hydrochloric	   acid)	   according	   to	   the	   respective	   procedures	  
described	   in	   the	   previous	   chapters.	   The	  method	   of	   sputtering	   silver	   on	   AAM,	   cell	   set-­‐up	   and	  
potentiostat	  were	  similar	  to	  those	  used	  in	  the	  synthesis	  of	  Pt	  and	  TiO2	  nanorods.	  Between	  the	  
depositions	  of	  each	  segment,	  the	  sample	  is	  removed	  from	  the	  deposition	  solution,	  rinsed	  with	  
DI	  water,	  and	  left	  to	  dry	  in	  air	  at	  room	  temperature.	  The	  first	  solution	  is	  then	  replaced	  with	  the	  
appropriate	  precursor	  solution	  for	  the	  next	  desired	  deposition.	  This	  procedure	  is	  repeated	  until	  
the	  desired	  number	  of	  segments	  is	  achieved.	  After	  deposition	  of	  the	  final	  segment,	  the	  sample	  is	  
removed	  from	  the	  solution,	  gently	  rinsed	  with	  DI	  water	  and	  annealed	  in	  air	  at	  600	  °C	  for	  2	  h	  to	  
crystallise	   the	   TiO2	   segments.	   To	   obtain	   free-­‐standing	   arrays	   of	   segmented	   nanorods,	   the	  
sample	  is	  immersed	  in	  3	  M	  NaOH	  for	  1	  hour	  to	  etch	  off	  the	  AAM	  and	  then	  rinsed	  gently	  with	  DI	  
water.	  Free	  segmented	  nanorods	  are	   released	  by	   first	  etching	  off	   the	  silver	  sputtered	   layer	  by	  
treating	   the	  AAM	  with	  an	  etching	   solution	   consisting	  of	  methanol,	  30%	  ammonium	  hydroxide	  
and	   30%	   hydrogen	   peroxide	   (5:1:1	   v/v/v)	   until	   all	   the	   silver	   has	   been	   completely	   removed,	  
followed	  by	  dissolving	  the	  AAM	  in	  3	  M	  NaOH	  solution.	  The	  obtained	  segmented	  nanorods	  were	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then	   centrifuged	   at	   2000	   RPM	   for	   15	  min	   and	  washed	   repeatedly	   and	   finally	   dispersed	   in	   DI	  
water	  or	  ethanol	  by	  sonication.	  
	  
5.3.3. Results	  and	  Discussion	  
	  
5.3.3.1. 	  Structural,	  Surface	  and	  Interfacial	  Characteristic	  Studies	  of	  Segment	  Nanorods	  
	  
5.3.3.1.1. Structural	  Characterisation	  of	  Segmented	  TiO2/Pt	  Nanorods	  
	  
Highly-­‐ordered	  two,	  three	  and	  four-­‐segmented	  TiO2-­‐Pt	  nanorods	  with	  variable	  TiO2	  and	  
Pt	   length	   segments	   were	   successfully	   fabricated	   from	   aqueous	   precursor	   solutions	   of	  
TiCl3	  and	  Na2PtCl6	  respectively	  as	  shown	  in	  the	  backscattered	  SEM	  images	  in	  figure	  5-­‐2.	  
Characterization	   of	   these	   striped	   nanorods	   using	   a	   backscattered	   mode	   provided	  
greater	  enhancement	  in	  distinguishing	  the	  TiO2	  segments	  from	  the	  Pt	  segments,	  where	  
Pt	   segments	   appear	   brighter	   due	   to	   its	   higher	   atomic	   number.	   As	   each	   TiO2	   and	   Pt	  
segments	  shown	   in	   figure	  5-­‐2	  are	  precisely	  controlled	   to	  achieve	  a	  desired	   length,	   the	  
versatility	  of	  tuning	  the	  individual	  segments	  of	  TiO2	  and	  Pt	  for	  a	  specific	  activity	  is	  clearly	  
demonstrated.	  	  
	  
	  
	  
Figure	  5-­‐2.	  Backscattered	  SEM	  images	  of	  a)	  TiO2-­‐Pt,	  b)	  TiO2-­‐Pt-­‐TiO2,	  c)	  Pt-­‐TiO2-­‐Pt-­‐TiO2	  
nanorod	  arrays	  on	  a	  150	  nm	  thick	  layer	  of	  Ag	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A	  naturally	  occurring	  phenomenon	  that	  is	  frequently	  observed	  upon	  removing	  the	  AAM	  
template	  in	  an	  alkaline	  solution	  of	  conc.	  NaOH	  is	  the	  bending	  and	  bundling	  of	  the	  free-­‐
standing	  nanostructures	   into	   ‘islands’,	  as	   shown	   figure	  5-­‐3.	  The	   tendency	   to	  bend	  and	  
aggregate	  into	  bundles	  is	  due	  largely	  to	  the	  capillary	  forces	  acting	  on	  the	  nanostructures	  
during	   evaporation	   of	   the	   solvent	   after	   the	   chemical	   etching	   process	   [32].	   From	  
experimental	   observation,	   the	   formation	   of	   ‘islands’	   was	   found	   to	   occur	   more	   in	  
unannealed	  samples	  with	  nanorods	  that	  are	  grown	  to	  a	  height	  of	  more	  than	  1	  µm.	  
	  
	  
	  
Figure	  5-­‐3.	  Top-­‐view	  SEM	  image	  of	  ‘islands’	  of	  free-­‐standing	  3-­‐segment	  Pt-­‐TiO2-­‐Pt	  
nanorods	  on	  3	  µm	  thick	  Ag	  film;	  inset	  shows	  10X	  magnification	  of	  a	  single	  ‘island’	  
	  
	  
5.3.3.1.2. Interfacial	  Characterisation	  of	  Segmented	  TiO2/Pt	  Nanorods	  
	  
Under	  TEM	  imaging,	  it	  can	  be	  clearly	  seen	  that	  the	  junction	  between	  the	  two	  segments	  
of	  TiO2	  and	  Pt	  are	  of	  approximately	  50	  nm	  in	  axial	  length	  consisting	  of	  both	  TiO2	  and	  Pt	  
particles	   (Figure	   5-­‐4).	   This	   inter-­‐particle	   diffusion	   of	   TiO2	   and	   Pt	   with	   a	   width	   of	  
approximately	   50	   nm	   helps	   to	   create	   a	   strong	   adhesion	   between	   the	   two	   segments,	  
bonding	   the	   metal	   to	   the	   metal	   oxide	   with	   very	   different	   properties.	   At	   a	   specific	  
resistivity	  of	  109-­‐1010	  Ohm.cm	  at	  25	  oC	   [33],	   intrinsic	  amorphous	  TiO2	   is	  approximately	  
1014-­‐1015	   times	   less	   conductive	   than	   Pt,	   this	   low	   conductivity	   was	   initially	   thought	   to	  
pose	   a	   challenge	   in	   depositing	   Pt	   on	   TiO2.	   However,	   here	   the	   as-­‐prepared	   Pt-­‐TiO2	   bi-­‐
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segment	  nanorods	  have	  shown	  that	  Pt	  particles	  are	  deposited	  onto	  the	  surface	  of	  TiO2	  
despite	   the	   potential	   low	   conductivity	   of	   hydrous	   amorphous	   TiO2.	   Also,	   the	  
electrodeposition	   rate	   of	   TiO2	   growth	   on	   Pt	   in	   the	   template	   does	   not	   decrease	   even	  
after	   the	   metal	   surface	   is	   covered	   by	   TiO2,	   suggesting	   that	   electrodeposition	   is	   not	  
limited	  by	  the	  conductivity	  of	  the	  TiO2	  deposit	  in	  either	  of	  these	  cases.	  The	  deposition	  of	  
Pt	  on	  TiO2	  is	  discussed	  further	  in	  section	  5.3.3.1.5.	  	  
	  
	  
	  
Figure	  5-­‐4.	  SEM	  images	  of	  a	  TiO2-­‐Pt	  nanorod	  at	  magnification	  of	  (a)	  55K	  (b)	  170	  K	  and	  
TEM	  images	  showing	  (c)	  TiO2-­‐Pt	  nanorod;	  (d)	  diffused	  junction	  between	  TiO2	  and	  Pt	  
segments	  
	  
5.3.3.1.3. 	  Chemical	  Analysis	  on	  Segmented	  TiO2/Pt	  Nanorods	  
The	  variation	  in	  local	  chemical	  composition	  along	  the	  length	  of	  a	  Pt-­‐TiO2-­‐Pt	  nanorod	  was	  
studied	  using	  EDX-­‐TEM	  analysis.	  Multiple-­‐point	  scans	  (points	  1	  to	  9)	  (using	  a	  beam	  spot	  
size	  <	  50	  nm)	  were	  performed	  on	  a	  Pt-­‐TiO2-­‐Pt	  nanorod	  as	   indicated	   in	   the	  TEM	   image	  
shown	  in	  figure	  5-­‐5A.	  Based	  on	  the	  given	  %	  weight	  values	  of	  TiO2	  and	  Pt,	  the	  %	  volume	  
of	  TiO2	  and	  Pt	  at	  each	  point	  were	  calculated	  and	  plotted	  in	  figure	  5-­‐5B.	  Variations	  in	  the	  
%	   volume	   of	   TiO2	   and	   Pt	   along	   the	   axis	   of	   the	   Pt-­‐TiO2-­‐Pt	   nanorod	   provide	   an	  
approximate	  indication	  of	  the	  location	  and	  integrity	  of	  the	  TiO2/Pt	  interfaces.	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Figure	  5-­‐5.	  A)	  TEM	  image	  of	  a	  three-­‐segmented	  Pt-­‐TiO2-­‐Pt	  nanorod	  indicating	  the	  
multiple	  point	  scans	  (1	  to	  9)	  along	  its	  length.	  Pt(i)	  indicates	  Pt	  segment	  that	  was	  
deposited	  as	  a	  first	  layer,	  and	  Pt(ii)	  as	  the	  second	  Pt	  segment.	  Inset	  shows	  elemental	  
mapping	  of	  Pt,	  Ti	  and	  O	  of	  the	  Pt-­‐TiO2-­‐Pt	  nanorod.	  B)	  Plot	  showing	  the	  variation	  of	  %	  
volume	  of	  Pt	  and	  TiO2	  and	  %	  volume	  ratio	  of	  TiO2/Pt	  across	  the	  length	  of	  the	  Pt-­‐TiO2-­‐Pt	  
nanorod	  
	  
It	   is	   suggested	   that	   the	   TiO2/Pt	   interfaces	   are	   located	   where	   steep	   changes	   in	   the	  
gradient	   of	   the	   %	   volume	   plots	   of	   TiO2	   and	   Pt	   are	   observed	   between	   points	   2-­‐3	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(interface	  1)	  and	  7-­‐9	  (interface	  2),	  where	  there	  exist	  a	  mixture	  of	  both	  TiO2	  and	  Pt.	  By	  
comparing	  between	   interface	  1	  and	   interface	  2,	   it	   can	  be	  seen	  that	   the	  diffusion	  zone	  
for	  interface	  2	  is	  greater	  than	  that	  of	  interface	  1	  as	  the	  gradients	  of	  the	  %	  volume	  plots	  
of	  Tio2	  and	  Pt	  change	  over	  a	  larger	  distance	  at	  interface	  2.	  From	  this,	  the	  diffusion	  zone	  
of	   interface	   1	   and	   2	   were	   estimated	   to	   be	   0.5	   µm	   and	   1	   µm	   respectively.	   A	   clearer	  
illustration	  of	  the	  difference	  between	  the	  two	  interfaces	  is	  provided	  in	  figure	  5-­‐6,	  where	  
a	   relatively	   sharper	   interface	   between	   Pt(i)	   and	   TiO2	   segments	   is	   represented	   at	  
interface	   1,	   while	   a	   TiO2	   meniscus-­‐like	   curvature	   is	   observed	   at	   interface	   2	   between	  
segments	  of	  TiO2	  and	  Pt(ii).	  The	  outline	  of	  the	  TiO2	  meniscus	  is	  seen	  from	  the	  elemental	  
mapping	   images	   of	   Pt,	   and	   elemental	  mapping	   images	   of	   Ti	   evidently	   shows	   a	   higher	  
proportion	   of	   Ti	   within	   the	   segment	   of	   Pt(ii)	   compared	   to	   Pt(i)	   segment	   (figure	   5-­‐5	  
inset).	  The	  observable	  difference	  between	  the	  architecture	  of	  interface	  1	  and	  interface	  2	  
can	   be	   explained	   by	   the	   order	   in	   which	   the	   segments	   were	   grown.	   In	   this	   case,	   the	  
deposition	  of	  TiO2	  on	  Pt(i)	  resulted	  in	  a	  sharper	  interface	  (interface	  1),	  while	  a	  change	  in	  
the	  order	  of	  deposition	  with	  Pt(ii)	  deposition	  on	  TiO2	  had	  given	  rise	  to	  a	  more	  diffused	  
Pt/TiO2	  zone.	  	  
	  
Additionally,	   the	   marked	   contrast	   between	   interfaces	   of	   Pt(i)/TiO2	   and	   TiO2/Pt(ii)	  
reflects	   the	   difference	   in	   the	   growth	   nature	   of	   Pt	   and	   TiO2	   in	   the	   pores	   of	   the	   AAM	  
during	   electrodeposition.	   A	  more	   diffused	   interface	   between	   TiO2	   and	   Pt(ii)	   segments	  
may	   suggest	   that	   the	  pore	  walls	  of	   the	  AAM	  are	  preferential	   sites	  of	   growth	   for	   TiO2,	  
which	  is	  unlikely	  to	  be	  true	  for	  the	  electrochemical	  growth	  of	  Pt.	  	  
	  
Besides	  information	  about	  the	  TiO2/Pt	  interface,	  the	  plot	  of	  %	  volume	  of	  Pt	  in	  figure	  5-­‐5	  
suggests	  that	  some	  Pt	  is	  present	  within	  the	  TiO2	  segment,	  which	  could	  be	  due	  to	  a	  slight	  
porosity	   inherent	   to	   the	   TiO2	   nanostructures.	   Despite	   this,	   the	   structure	   of	   the	   TiO2	  
segment	   is	   that	  of	  a	  dense	  nanorod	  comprising	  of	  a	  much	  higher	  volume	  of	  TiO2.	  The	  
average	  %	  volume	  ratio	  of	  TiO2	  to	  Pt	  is	  calculated	  to	  be	  approximately	  9.5	  ±	  3.	  A	  more	  
detailed	   discussion	   on	   the	   TiO2/Pt	   interfaces	   and	   TiO2	   porosity	   are	   provided	   in	   the	  
following	  sections.	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Figure	  5-­‐6.	  Schematic	  representation	  of	  the	  difference	  between	  the	  interfaces	  of	  
Pt(i)/TiO2	  and	  TiO2/Pt(ii)	  as	  observed	  from	  the	  TEM	  image	  of	  a	  Pt-­‐TiO2-­‐Pt	  nanorod	  
	  
	  
5.3.3.1.4. Effect	  of	  Order	  of	  TiO2/Pt	  Deposition	  on	  TiO2/Pt	  Segmented	  Nanostructures	  
	  
The	   engineering	   of	   multi-­‐segmented	   nanorods	   consisting	   of	   alternating	   segments	   of	  
TiO2	  and	  Pt	  has	  been	  made	  possible	  due	  to	  the	  compatibility	  of	  the	  active	  surfaces	  of	  Pt	  
nanorods	  and	  electrically	  conductive	  amorphous	  TiO2.	  Figure	  5-­‐7A	  shows	  the	  successful	  
synthesis	  of	  an	  unannealed	  three-­‐segmented	  Pt-­‐TiO2-­‐Pt	  nanorods.	  Each	  Pt	  segment	  was	  
electrochemically	  deposited	  at	  a	  constant	  potential	  of	  -­‐0.2	  V	  for	  0.5	  h.	  According	  to	  the	  
current	  density-­‐time	  graph	   in	  Figure	  5-­‐7B,	   the	   total	  calculated	  charge	   that	  was	  passed	  
during	   the	   deposition	   of	   the	   first	   and	   third	   Pt	   segments	   are	   1.65	   C	   and	   1.43	   C	  which	  
does	  not	  differ	  significantly	  considering	  that	  the	  surfaces	  at	  which	  both	  segments	  were	  
deposited	  on	  had	  very	  different	  properties.	  It	  can	  be	  seen	  that	  the	  main	  contribution	  to	  
the	   difference	   in	   the	   total	   charges	   of	   Pt-­‐(i)	   and	   Pt-­‐(iii)	   comes	   mostly	   from	   the	   initial	  
deposition	  phase	  (0	  to	  600	  s).	  Unlike	  the	  reaction	  in	  Pt-­‐(iii)	  which	  equilibrated	  quickly	  to	  
a	   constant	   current	   density	   of	   -­‐7.90	  mA	   cm-­‐2,	   the	   current	   density	   in	   Pt-­‐(i)	   equilibrated	  
only	  after	  approximately	  10	  minutes	  of	   the	  deposition.	  This	  observable	  difference	  can	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be	  attributed	  to	  the	  different	  surface	  type	  at	  which	  each	  deposition	  had	  occurred.	  The	  
schematic	  diagram	  in	  inset	  5-­‐7B	  (i)	  illustrates	  the	  occurrence	  of	  the	  initial	  deposition	  of	  
the	  first	  Pt	  segment	  on	  a	  rougher	  surface	  of	  Ag	  consisting	  of	  100	  nm	  pores	  due	  to	  pore	  
branching	  at	   the	  bottom	  (clearly	  visible	   in	   the	  SEM	   image),	  while	   inset	  5-­‐7B	   (ii)	   shows	  
the	   deposition	   of	   the	   second	   Pt	   segment	   on	   TiO2	   in	   pores	   of	   200	   nm	   in	   diameter.	   In	  
comparing	   between	   the	   expected	   Pt-­‐(iii)	   length	   calculated	   from	   Faradaic	   charge	  
efficiency	  and	  the	  actual	  Pt-­‐(iii)	  length	  measured	  from	  Figure	  5-­‐7A	  (averaged	  over	  20	  Pt-­‐
(iii)	   nanorods),	   the	   %	   volume	   of	   Pt-­‐(iii)	   that	   had	   infiltrated	   TiO2-­‐(ii)	   segment	   is	  
approximately	  5%	  (see	  appendix	  5-­‐1).	  	  
	  
	  
	  
Figure	  5-­‐7.	  (a)	  Backscattered	  SEM	  images	  of	  (a)	  Pt-­‐TiO2-­‐Pt	  nanorods	  (b)	  current	  density-­‐
time	  plot	  of	  (i)	  first	  and	  (ii)	  second	  Pt	  electrodeposition;	  inset	  schematic	  diagram	  
illustrating	  Pt	  deposition	  on	  (i)	  Ag	  and	  (ii)	  TiO2	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Backscattered	   SEM	   images	   in	   figure	   5-­‐8	   elucidate	   the	   differences	   in	   the	   integrity	   of	   the	  
TiO2/Pt	  nanostructures	  depending	  on	  the	  order	  of	  material	  deposition.	  In	  figure	  5-­‐8A,	  the	  3-­‐
segment	  TiO2-­‐Pt-­‐TiO2	  nanorods	  that	  are	  grown	  bottom-­‐up	  by	  order	  of	  TiO2,	  Pt,	  TiO2	  shows	  a	  
marked	   contrast	   in	   the	   brightness	   intensity	   between	   the	   first	   TiO2	   segment	   (denoted	   by	  
*TiO2)	   and	   the	   third	   TiO2	   segment	   (denoted	   by	   TiO2).	   With	   Pt	   segments	   appearing	   the	  
brightest	  followed	  by	  segments	  of	  *TiO2	  and	  lastly	  TiO2,	  it	  is	  suggested	  that	  a	  fraction	  of	  the	  
total	   Pt	   material	   that	   was	   electrodeposited	   after	   *TiO2	   had	   infiltrated	   into	   the	   porous	  
nanostructure	  of	  *TiO2	  with	  the	  Pt	  resulting	  in	  enhanced	  brightness	  of	  this	  segment;	  while	  
the	   third	   TiO2	   segment	   does	   not	   contain	   Pt	   and	   therefore	   appears	   darker	   due	   to	   its	   low	  
electron	  density.	  From	  this,	  one	  can	  expect	  the	  structural	  properties	  of	  bi-­‐segment	  *TiO2-­‐Pt	  
nanorods	  to	  be	  different	  from	  those	  of	  Pt-­‐TiO2	  nanorods	  because	  TiO2	  segments	  of	  TiO2-­‐Pt	  
nanorods	  are	  richer	  in	  Pt;	  which	  may	  affect	  their	  respective	  photocatalytic	  properties.	  	  
	  
A	   comparison	  was	  made	   between	   an	   unannealed	   (figures	   5-­‐8B)	   sample	   and	   an	   annealed	  
sample	   (in	   air	   at	   600	   oC)	   (figure	   5-­‐8C)	   of	   three-­‐segmented	   Pt-­‐TiO2-­‐Pt	   nanorods,	   in	   which	  
differences	  in	  the	  integrity	  of	  the	  nanostructure	  were	  observed	  from	  the	  effects	  of	  thermal	  
treatment.	  It	  was	  found	  that	  the	  second	  layer	  of	  TiO2	  had	  decreased	  by	  approximately	  half,	  
possibly	   arising	   from	   an	   increased	   diffusion	   of	   Pt	   into	   porous	   TiO2	   segment	   as	   a	   result	   of	  
heat	  treatment.	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Figure	  5-­‐8.	  Backscattered	  SEM	  Images	  of	  A)	  3-­‐segment	  TiO2-­‐Pt-­‐	  TiO2	  nanorods	  showing	  a	  
clear	  contrast	  between	  the	  first	  TiO2	  segment	  with	  some	  diffused	  Pt	  (denoted	  by	  *TiO2)	  
and	  third	  TiO2	  segment	  with	  no	  diffused	  Pt	  (denoted	  by	  TiO2);	  B)	  3-­‐segment	  unannealed	  
Pt-­‐TiO2-­‐Pt	  nanorods	  with	  some	  Pt	  diffusion	  into	  second	  TiO2	  segment;	  C)	  increased	  Pt	  
diffusion	  into	  second	  TiO2	  segment	  after	  thermal	  treatment	  at	  600	  
oC	  in	  air	  
	  
	  
5.3.3.1.5. Electrodeposition	  of	  Pt	  on	  amorphous	  TiO2	  	  
Works	  on	  the	  electrodeposition	  of	  Pt	  particles	  on	  amorphous	  TiO2	  nanostructures	  have	  
been	  reported	  [34].	  It	  is	  suggested	  that	  the	  spontaneous	  deposition	  of	  Pt	  within	  the	  TiO2	  
nanostructures	   may	   be	   a	   result	   of	   surface	   defects	   present	   in	   the	   amorphous	   TiO2.	  
Surface	   oxygen	   vacancies	   are	   found	   everywhere	   on	   the	   surface	   of	   reducible	   metal	  
oxides	   such	   as	   TiO2	   and	  may	   play	   a	   role	   in	  modifying	   the	   electronic	   properties	   of	   the	  
surface	  of	  the	  semiconductor	  material	  [35].	  In	  an	  attempt	  to	  study	  the	  effect	  of	  surface	  
oxygen	   vacancies	   on	   the	   adsorption	   of	   Pt,	   Han	   and	   co-­‐workers	   [36]	   found	   that	   the	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surface	   oxygen	   vacancy	   sites	   of	   anatase	   TiO2	   constitutes	   the	  most	   active	   sites	   for	   the	  
adsorption	   of	   a	   single	   Pt	   atom.	   At	   the	   same	   time,	   it	   was	   also	   concluded	   that	   cluster	  
formation	   of	   Pt	   is	   energetically	   favoured	   upon	   complete	   filling	   of	   the	   oxygen	   vacancy	  
sites	  by	  the	  adsorbed	  Pt	  atom.	  	  
	  
Based	   on	   this	   knowledge,	   a	   parallel	   conclusion	   can	   be	   drawn	   on	   the	   surface	   state	   of	  
amorphous	   TiO2,	   since	   large	   amounts,	   of	   up	   to	   67	  %,	   is	   comprised	   of	   under-­‐	   or	   over-­‐
coordinated	  structural	  units	  such	  as	  TiO3,	  TiO4,	  TiO5	  and	  TiO7	  in	  amorphous	  TiO2	  are	  also	  
assumed	  to	  be	  oxygen	  deficiency	  defects	  similar	  to	  those	  present	  in	  crystalline	  TiO2	  [37].	  
Moreover,	  due	   to	   the	   lack	  of	  periodic	  ordered	  structure,	   large	  pores	  commonly	   found	  
on	  the	  surfaces	  of	  amorphous	  TiO2	  also	  act	  as	  vacancies	  in	  the	  diffusion	  process	  [38].	  	  
	  
Based	  on	  the	  surface	  defects	  and	  existing	  porosity	  present	  in	  the	  TiO2	  nanostructures,	  a	  
model	  has	  been	  proposed	   to	  explain	  how	  diffusion	  of	  Pt	   into	   the	  TiO2	  nanostructures	  
occurs,	   this	   is	   illustrated	   in	   figure	   5-­‐9.	   When	   the	   AAM	   containing	   the	   first	   layer	   of	  
electrodeposited	  TiO2	  is	  immersed	  in	  a	  [PtCl6]
2-­‐	  precursor	  solution,	  [PtCl6]
2-­‐	  	  ions	  migrate	  
downwards	   through	   the	  pores	   channels	  of	   TiO2	   and	  are	   adsorbed	  onto	   the	   surface	  of	  
TiO2.	  The	  presence	  of	  pores	  within	  the	  TiO2	  nanostructure	  provides	  a	  large	  surface	  area	  
for	   the	   adsorption	   of	   [PtCl6]
2-­‐.	   Through	   an	   applied	   voltage,	  	  
[PtCl6]
2-­‐
ads	  is	  reduced	  to	  (Pt)ads	  at	  the	  surface	  of	  TiO2,	  and	  anchors	  onto	  an	  oxygen	  vacancy	  
site	   of	   the	   amorphous	   TiO2	  which	   serves	   as	   a	   nucleation	   centre	   for	   the	   growth	   of	   Pt	  
clusters.	   The	   Pt	   clusters	   grow	   within	   the	   porous	   structure	   of	   TiO2	   upon	   continuous	  
reduction	  of	   [PtCl6]
2-­‐;	   and	   subsequently	  deposits	  on	   top	  of	   the	  TiO2	   segment	  once	   the	  
pores	   has	   been	   filled.	   This	   schematic	   illustration	   is	   also	   used	   to	   account	   for	   the	  
possibility	   of	   electrodepositing	   Pt	   onto	   amorphous	   TiO2,	   which	   is	   generally	   known	   to	  
possess	  low	  electrical	  conductivity.	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Figure	  5-­‐9.	  Schematic	  illustration	  demonstrating	  the	  growth	  of	  Pt	  within	  the	  porous	  
nanostructure	  of	  TiO2	  and	  the	  possibility	  of	  electrodepositing	  Pt	  onto	  amorphous	  TiO2	  
	  
	  
In	   this	   study,	   the	   deposition	   of	   Pt	   on	   amorphous	   TiO2	   is	   being	   employed	   to	   fabricate	  
TiO2-­‐Pt	  bi-­‐segmented	  nanostructures.	  This	  procedure	  is	  preferred	  over	  Pt	  deposition	  on	  
crystalline	   TiO2,	  mainly	   because	   the	   deposition	   of	   Pt	   on	   crystalline	   TiO2	   requires	   prior	  
annealing	   of	   the	   TiO2/AAM	   sample,	  which	  would	   result	   in	   the	   contortion	   of	   the	   AAM	  
after	  annealing	  at	  600	  oC	  in	  air	  as	  shown	  in	  figure	  5-­‐10B.	  As	  the	  AAM	  is	  known	  to	  be	  very	  
fragile,	  the	  contorted	  TiO2/AAM	  would	  then	  crack	  under	  the	  weight	  of	  the	  cell	   (figure-­‐
10C)	   and	   hence	   the	   damaged	   sample	   cannot	   be	   used	   for	   subsequent	   material	  
deposition.	  
	  
Despite	   this,	   an	   attempt	   is	   made	   to	   compare	   between	   the	   nanostructures	   of	   TiO2-­‐Pt	  
with	   and	   without	   prior	   annealing	   of	   TiO2,	   by	   comparing	   unannealed	   and	   annealed	  
samples	   of	   single	   TiO2	   nanostructures.	   From	   figure	   5-­‐11A,	   the	   unannealed	   TiO2	  
nanorods	  appears	  to	  have	  a	  rough	  texture,	  comprising	  of	  inhomogeneous	  “particles”	  as	  
observed	  from	  its	  magnified	  SEM	  image	  in	  figure	  5-­‐11A	  inset.	  In	  contrast,	  it	  can	  be	  seen	  
from	  figure	  5-­‐11B	  that	  when	  the	  exact	  same	  TiO2	  sample	  has	  been	  annealed	  in	  air	  at	  600	  
oC,	   there	   is	   a	   distinct	   change	   in	   the	   surface	   morphology.	   The	   rough	   texture	   of	   the	  
nanostructures	   as	   previously	   observed	   in	   the	   unannealed	   TiO2	   material	   is	   now	  
smoother,	  which	  probably	  results	   from	  coalescence	  of	  the	   inhomogeneous	  “particles”.	  
In	  addition,	  the	  annealed	  nanostructures	  are	  observed	  to	  be	  more	  rigid	  as	  compared	  to	  
the	  unannealed	  nanostructures	  where	  some	  defects	  along	  the	  nanorods	  as	  indicated	  in	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figure	  5-­‐11A.	  At	   this	  point,	  differences	   in	  surface	  morphology	  of	  both	  unannealed	  and	  
annealed	   TiO2	   nanostructures	   provide	   insight	   to	   the	   structural	   differences	  which	   exist	  
within	   the	   TiO2	   segments	   of	   the	   TiO2-­‐Pt	   bi-­‐segment	   nanorods.	   Unfortunately,	   a	  
comparison	   between	   the	   exact	   structures	   of	   the	   TiO2	   segments	   (consisting	   of	   Pt	  
diffusion)	   cannot	   be	   made,	   since	   the	   material	   distribution	   (Pt/TiO2)	   within	   the	   TiO2	  
segment	  is	  not	  known.	  
	  
	  
	  
	  
Figure	  5-­‐10.	  Schematic	  illustration	  of	  the	  cross-­‐section	  view	  of	  A)	  unannealed	  AAM,	  B)	  
contortion	  of	  the	  AAM	  resulting	  from	  annealing	  at	  600	  oC,	  and	  C)	  possible	  damage	  to	  
the	  AAM	  as	  it	  is	  being	  placed	  under	  the	  cell	  prior	  to	  electrodeposition	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Figure	  5-­‐11.	  SEM	  images	  of	  free-­‐standing	  A)	  unannealed	  TiO2	  nanorods	  and	  B)	  annealed	  
TiO2	  nanorods	  at	  600	  
oC	  in	  air	  for	  5	  h;	  respective	  insets	  show	  higher	  magnification	  of	  the	  
corresponding	  TiO2	  nanostructures	  
	  
	  
5.3.3.1.6. Electrodeposition	  of	  amorphous	  TiO2	  on	  Pt	  
	  
In	  further	  characterising	  the	  growth	  of	  TiO2	  on	  Pt,	  AAM	  consisting	  of	  electrodeposited	  Pt	  
was	  soaked	   in	  0.28	  M	  TiCl3	  solution	  under	  ambient	  conditions.	  After	  approximately	  12	  
hours,	  dense	  TiO2	  segments	  with	  an	  average	  length	  of	  200	  nm	  were	  found	  to	  grow	  on	  Pt	  
as	  shown	  in	  figure	  5-­‐12,	  indicating	  that	  the	  nanorod	  surface	  of	  Pt	  is	  able	  to	  catalyze	  TiO2	  
deposition.	  According	  to	  Liu	  and	  Sen	  [39],	  the	  oxidative	  conversion	  of	  Ti3+	  to	  Ti4+	  occurs	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uniquely	   on	   nanostructured	   metallic	   surfaces	   such	   as	   Pt,	   Au	   and	   Ni	   nanowires	   and	  
nanoparticles.	   A	   growth	   mechanism	   of	   the	   electroless	   deposition	   of	   TiO2	   on	   Pt	  
nanostructure	  substrate	  had	  been	  proposed	  to	  occur	  via	  reactions	  5A	  and	  5B,	  leading	  to	  
an	   overall	   reaction	   shown	   in	   reaction	   5C.	   Although	   the	   electroless	   deposition	   of	   TiO2	  
occurs	   spontaneously	   on	   Pt	   nanorods,	   this	   method	   results	   in	   TiO2	   growth	   which	  
proceeds	  much	  slower	  than	  when	  electrodeposition	  is	  employed.	  	  
	  
2H++2e-­‐	  ↔	  H2	  	  	  	  	  	  	  	  (Reaction	  5A)	  
Ti3++2H2O	  ↔	  TiO2+4H
++e-­‐	  	  	  	  	  	  	  (Reaction	  5B)	  
2Ti3++4H2O	  ↔	  2TiO2+6H
++H2	  	  	  	  	  	  (Reaction	  5C)	  
	  
	  
	  
	  
Figure	  5-­‐12.	  SEM	  image	  of	  free-­‐standing	  Pt-­‐TiO2	  nanorods	  obtained	  by	  electroless	  
deposition	  of	  TiO2	  on	  Pt	  from	  0.28	  M	  TiCl3	  solution	  for	  12	  h	  in	  AAM.	  Inset	  shows	  a	  higher	  
magnification	  of	  Pt-­‐TiO2	  nanorods	  
	  
	  
The	   schematic	   diagram	   in	   figure	   5-­‐13	   compares	   the	   growth	  mechanism	   of	   TiO2	   on	   Pt	  
nanorods	   via	   electroless	   method	   and	   electrodeposition,	   where	   an	   array	   of	  
nanostructures	  is	  represented	  by	  a	  single	  nanostructure	  in	  the	  AAM	  pore	  for	  purpose	  of	  
illustration.	   According	   to	   figure	   5-­‐13	   (i),	   the	   surface	   of	   Pt	   nanostructure	   helps	   in	  
mediating	  the	  electron	  transfer	  between	  Ti3+	  and	  H+	   in	  the	  formation	  of	  TiO2	  [39].	  This	  
reaction	  occurs	  spontaneously	  on	  surfaces	  of	  nanostructured	  Pt,	  which	  favours	  a	  lower	  
overpotential	   for	   H+	   reduction	   to	   H2	   [40].	   Accordingly,	   the	   deposition	   of	   TiO2	   is	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characterised	  by	   the	   formation	  of	  bubbles,	   a	   less	   concentrated	  TiCl3	   solution	  as	  Ti
3+	   is	  
being	  consumed	  and	  a	  decrease	  in	  pH	  [27].	  As	  illustrated	  in	  figure	  5-­‐13	  (ii),	  the	  growth	  
mechanism	   of	   TiO2	   occurs	   in	   a	   slightly	   different	   manner	   during	   the	   process	   of	  
electrodeposition,	  where	  the	  oxidation	  of	  Ti3+	  to	  TiO2	  is	  being	  continuously	  driven	  at	  an	  
appropriate	  applied	  potential	  and	  electrons	  produced	  from	  the	  reaction	  reaches	  the	  Pt	  
counter	  electrode	  where	  one	  of	  the	  possible	  reactions	  may	  involve	  protons	  reduction	  to	  
produce	  H2.	  In	  both	  cases,	  the	  growth	  of	  TiO2	  does	  not	  decrease	  even	  when	  the	  surface	  
of	  Pt	  has	  already	  been	  covered	  by	  TiO2,	  which	  suggests	  that	  the	  deposited	  amorphous	  
TiO2	   is	  electrically	  conductive	  and	  permeable	  to	  the	  protons	  (in	  the	  case	  of	  electroless	  
deposition).	  
	  
	  
	  
	  
Figure	  5-­‐13.	  Schematic	  diagram	  comparing	  TiO2	  deposition	  on	  Pt	  nanorods	  by	  (i)	  
electroless	  method	  and	  (ii)	  electrodeposition	  occurring	  in	  porous	  AAM	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5.4 Conclusion	  
Multi-­‐segmented	   TiO2-­‐Pt,	   Pt-­‐TiO2-­‐Pt,	   TiO2-­‐Pt-­‐TiO2	   and	   Pt-­‐TiO2-­‐Pt-­‐TiO2	   nanorods	   were	   successfully	  
fabricated	  via	  sequential	  electrodeposition	  in	  AAM	  according	  to	  the	  procedures	  established	  in	  chapter	  3	  
and	   4.	   Analysis	   on	   the	   structural,	   surface	   and	   interfacial	   characterization	   of	   these	   TiO2/Pt	   striped	  
nanorods	   reveals	   the	   possibility	   of	   electrodepositing	  metallic	   Pt	   on	   a	   semiconductor	  material	   such	   as	  
TiO2,	  and	  additionally	  provides	  insight	  into	  the	  type	  of	  junction	  formed	  between	  TiO2/Pt,	  noting	  that	  the	  
integrity	  of	  the	  interface	  varies	  according	  to	  the	  sequence	  of	  material	  deposition.	  	  
	  
Overall,	   the	   high	   degree	   of	   control	   in	   the	   fabrication	   of	   these	   one-­‐dimensional	   TiO2/Pt	   striped	  
nanostructures	  enables	  a	  variety	  of	  TiO2/Pt	  nanostructures	   to	  be	  tested	  and	  tuned	   for	  multifunctional	  
purposes,	   where	   they	   not	   only	   find	   potential	   to	   function	   as	   photocatalysts	   for	   water	   splitting	   and	  
pollutant	  degradation,	  but	  also	  as	  chemical	  sensors.	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Chapter	  6: Absorption	  Studies	  of	  TiO2-­‐Pt	  Nanostructures	  
	  
6.1 	  Introduction	  
	  
6.1.1 Photocatalysis	  on	  Semiconductor	  TiO2	  Surfaces	  
	  
6.1.1.1 Intrinsic	  TiO2	  Band-­‐Gap	  Photoexcitation	  	  
The	   electronic	   structure	   of	   semiconductor	   TiO2	   plays	   an	   important	   role	   in	   its	   function	   as	   a	  
photocatalyst.	   As	   opposed	   to	   metals	   in	   which	   a	   continuum	   of	   electronic	   states	   exists,	  
semiconductors	   such	   as	   intrinsic	   TiO2	   have	   a	   void	   energy	   region	   within	   which	   there	   are	   no	  
energy	  levels	  (this	  differs	  slightly	  for	  an	  extrinsic	  TiO2	  semiconductor	  which	  is	  discussed	  later	  in	  
section	  6.1.1.2).	   The	   void	   region	   is	   termed	   the	  band	  gap	  and	  extends	   from	   the	   top	  of	   a	   filled	  
valence	  band	  (VB)	  to	  the	  bottom	  of	  a	  vacant	  conduction	  band	  (CB).	  Typical	  band	  gap	  energies	  of	  
crystalline	  TiO2	  anatase	  and	  rutile	  are	  3.2	  eV	  and	  3.0	  eV,	  respectively,	  at	  room	  temperature	  [1].	  
When	   light	   of	   sufficient	   energy	   is	   absorbed	   by	   TiO2	   to	   cause	   excitation	   across	   its	   band	   gap,	  
electron	  and	  hole	  pairs	  are	  created,	  which	  may	  undergo	  charge	  transfer	  to	  adsorbed	  species	  on	  
the	  TiO2	  semiconductor	  surface	  when	  the	  material	  is	  immersed	  in	  a	  solution	  or	  gaseous	  phase.	  
The	   continuous	   and	   exothermic	   transfer	   of	   charges	   from	   TiO2	   semiconductor	   to	   the	   surface	  
adsorbed	  species	  is	  called	  a	  heterogeneous	  photocatalysis.	  
	  
In	   the	  heterogeneous	  photocatalysis	   at	   TiO2,	   the	   first	   step	   involves	   light	   absorption	  of	   energy	  
greater	  than	  or	  equals	  to	  that	  of	  its	  band	  gap	  (i.e.	  ≥	  3.2	  eV	  for	  TiO2	  anatase),	  which	  is	  sufficient	  
to	  excite	  electrons	  from	  the	  VB	  to	  the	  CB	  to	  generate	  electron-­‐hole	  pairs	  in	  the	  TiO2.	  Following	  
this,	  the	  electrons	  and	  holes	  migrate	  to	  the	  surface	  of	  the	  TiO2,	  where	  they	  have	  the	  ability	  to	  
respectively	  reduce	  electron	  acceptor	  species	  and	  oxidize	  donor	  species	  which	  are	  pre-­‐adsorbed	  
onto	  the	  TiO2	  surface.	  Concurrently,	  electrons	  and	  holes	  may	  also	  recombine	  on	  the	  surface	  or	  
within	  the	  bulk	  of	  TiO2.	  	  
	  
The	  efficiency	  of	  a	  photocatalytic	  process	  can	  be	  measured	  by	  the	  number	  of	  events	  occurring	  
per	  photon	  absorbed,	  otherwise	  known	  as	  the	  quantum	  yield	  [2].	   In	  determining	  the	  quantum	  
yield,	  it	  is	  difficult	  to	  accurately	  measure	  the	  total	  light	  absorbed	  due	  to	  possible	  light	  scattering	  
by	  the	  semiconductor	  surface.	  Hence	  an	  apparent	  quantum	  yield	  is	  used	  instead	  as	  a	  measure	  of	  
efficiency,	  where	  an	  assumption	  is	  made	  that	  all	  the	  light	  is	  absorbed.	  	  The	  apparent	  quantum	  
yield,	  φ,	  for	  an	  ideal	  system	  is	  proportional	  to	  the	  rate	  of	  all	  charge	  transfer	  processes	  (kCT),	  and	  
inversely	   proportional	   to	   the	   sum	   of	   the	   charge	   transfer	   rate	   and	   the	   bulk	   and	   surface	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recombination	   rate	  of	  electrons-­‐holes	   (kR),	   as	   shown	   in	  equation	  6A.	  At	   times,	  efficiencies	  are	  
measured	  in	  terms	  of	  the	  product	  yield	  of	  the	  photocatalytic	  process.	  	  
	   (Equation	  6A)	  
	  
6.1.1.2 Band	  Energy	  Positions	  of	  TiO2	  
In	   order	   for	   photo-­‐induced	   CB	   electrons	   in	   semiconductor	   TiO2	   to	   transfer	   to	   the	   surface	  
adsorbed	  species,	  the	  band	  gap	  energy	  between	  the	  VB	  and	  CB	  of	  TiO2,	  as	  well	  as,	  its	  VB	  and	  CB	  
band	  energy	  positions	  relative	  to	  the	  redox	  potentials	  of	  the	  adsorbate	  are	  important	  factors	  to	  
consider.	   Figure	   6-­‐1	   shows	   the	   band	   gap	   positions	   of	   TiO2	   anatase	   and	   rutile	   on	   an	  
electrochemical	   potential	   scale	   (V	   vs.	   standard	   hydrogen	   electrode	   (SHE)	   at	   pH	   7)	   [3],	   where	  
TiO2	  anatase	  and	  rutile	  represents	  the	  two	  most	  used	  polymorphs	  of	  TiO2	  for	  photocatalysis.	  The	  
band	  gap	  of	  TiO2	  anatase	  is	  3.2	  eV,	  which	  is	  slightly	  larger	  than	  that	  of	  rutile	  (3.0	  eV)	  due	  to	  the	  
CB	  level	  of	  TiO2	  anatase	  being	  0.2	  eV	  more	  negative	  than	  that	  of	  TiO2	  rutile	  as	  shown	  in	  figure	  6-­‐
1.	  	  
	  
For	   reduction	   to	   occur,	   the	   CB	   potential	   of	   the	   semiconductor	  must	   be	   positioned	   above	   (or	  
more	   negative	   than)	   the	   reduction	   potential	   of	   the	   acceptor	   species,	   A	   (A/A-­‐)	   (figure	   6-­‐1).	  
Similarly,	   for	   oxidation	   processes,	   the	   VB	   potential	   of	   the	   semiconductor	  must	   be	   positioned	  
below	  (or	  more	  positive	  than)	  the	  oxidation	  potential	  of	  the	  donor	  species,	  D	  (D+/D)	  (figure	  6-­‐1).	  
The	  positions	  of	   the	  band	  edges	  of	  oxide	  materials	  on	   the	  electrochemical	  potential	   scale	  are	  
variable,	   for	   which	   they	   may	   shift	   according	   to	   changes	   in	   pH	   (-­‐0.059	   V/	   pH),	   solvent	   type,	  
surface	  impurities,	  adsorbed	  compounds	  [4].	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Figure	  6-­‐1.	  Band	  gaps	  and	  band	  edge	  positions	  of	  TiO2	  anatase	  and	  TiO2	  rutile	  photocatalysts	  
depicting	  correlations	  with	  the	  potential	  levels	  of	  an	  acceptor	  and	  donor	  species	  in	  pH	  7	  
electrolyte	  
	  
	  
Another	   important	   factor	   in	   determining	   the	   suitability	   of	   a	  material	   for	   photocatalysis	   is	   the	  
stability	   of	   the	   semiconductor	   photocatalysts	   under	   photo-­‐illumination.	   A	   plot	   of	   the	  
characteristic	   energy	   levels	   of	   a	   semiconductor	   and	   its	   critical	   decomposition	   potentials	   on	   a	  
common	  energy	  scale	   is	  able	   to	   immediately	   show	  how	  thermodynamically	   stable	  or	  unstable	  
the	  semiconductor	  is	  [5].	  An	  example	  of	  such	  a	  plot	  for	  TiO2	  is	  shown	  in	  figure	  6-­‐2.	  Ideally,	  the	  
stability	  of	  a	  material	  under	  illumination	  requires	  that	  the	  Fermi	  energies	  for	  decomposition	  are	  
located	   outside	   the	   energy	   bands	   (VB	   and	   CB)	   of	   the	   respective	   photocatalyst	   material.	   The	  
Fermi	  energy	  for	  decomposition	  defined	  as	  the	  electrochemical	  potential	  of	  the	  decomposition	  
reaction.	   However,	   it	   is	   not	   uncommon	   to	   find	   that	   that	   the	   Fermi	   level	   for	   cathodic	  
decomposition	   by	   electrons	   is	   located	   outside	   the	   conduction	   band,	   while	   that	   of	   anodic	  
decomposition	  by	  holes	  is	  located	  inside	  the	  band	  gap.	  This	  results	  in	  the	  material	  being	  stable	  
against	   cathodic	   decomposition,	   yet	   prone	   to	   the	   anodic	   decomposition	   upon	   illumination	   at	  
high	   intensity.	   This	   occurs	   in	   TiO2,	   as	   shown	   in	   figure	   6-­‐2,	  where	   the	   Fermi	   level	   for	   cathodic	  
decomposition,	   nEdecomp.	   is	   located	  more	  negative	   than	   its	  CB,	  while	   the	  Fermi	   level	   for	   anodic	  
decomposition,	   pEdecomp.	   is	   positioned	   within	   the	   CB	   and	   VB.	   	   The	   anodic	   decomposition	   is	  
prevented	   by	   introducing	   a	   redox	   system	   to	   the	   electrolyte,	   such	   as	   H2O,	   the	   Fermi	   level	   of	  
which	  is	  above	  that	  of	  the	  pEdecomp	  as	  indicated	  in	  figure	  6-­‐2	  [5].	  Thermodynamically,	  this	  method	  
will	   be	   effective	   for	   a	   large	   concentration	   of	   electron	   donors	   for	   hole	   capture	   at	   the	  
semiconductor-­‐electrolyte	  interface;	  and	  kinetically,	  where	  the	  transfer	  of	  holes	  proceeds	  to	  the	  
sacrificial	   couple	   occurs	   at	   a	   fast	   rate.	   For	   TiO2,	   its	   instability	   against	   anodic	   decomposition	   is	  
	   141	  
compensated	   with	   the	   rapid	   and	   spontaneous	   oxygen	   evolution	   at	   the	   TiO2	   surface	   under	  
photo-­‐illumination.	   Additionally,	   Fermi	   level	   pinning	   occurs	   at	   the	   TiO2/electrolyte	   interface	  
arising	  from	  the	  presence	  of	  electronic	  surface	  states	  of	  oxygen	  defects	  in	  TiO2	  (discussed	  in	  the	  
following	   section	   6.1.1.3),	   which	   further	   enhances	   the	   anodic	   reactions	   on	   TiO2,	   and	   thereby	  
contributes	  to	  the	  overall	  stability	  of	  TiO2	  as	  a	  photocatalyst	  [6].	  	  
	  
	  
	  
Figure	  6-­‐2.	  Energy	  correlation	  between	  band	  edges	  of	  TiO2	  and	  Fermi	  energies	  of	  electrode	  
reactions	  in	  aqueous	  electrolyte	  of	  pH	  7	  
	  
	  
6.1.1.3 Surface	  States	  in	  Extrinsic	  TiO2	  	  
Very	   often	   in	   the	   preparation	   of	   colloidal	   and	   polycrystalline	   TiO2,	   ideal	   crystal	   lattices	   of	   the	  
semiconductor	  are	  not	  produced.	  Instead,	  surface	  and	  bulk	  irregularities	  in	  TiO2	  occur	  naturally	  
in	  the	  preparation	  process,	  which	  creates	  surface	  electron	  states	  with	  energies	  that	  are	  different	  
from	   the	  existing	  bands	  present	   in	  bulk	   TiO2	   semiconductor.	   In	  defective	  TiO2	   crystals,	   oxygen	  
vacancies	  and	  Ti3+	  states	  act	  as	  intrinsic	  dopants	  to	  cause	  a	  shift	  in	  the	  Fermi-­‐level	  towards	  the	  
CB	  of	  TiO2,	   in	  which	  the	  Fermi-­‐level	  would	  otherwise	  be	   located	  mid-­‐way	  between	  the	  CB	  and	  
VB	  of	  a	  defect-­‐free	  TiO2	  material.	  Because	  of	  this	  property,	  TiO2	  semiconductors	  are	  commonly	  
known	  to	  be	  extrinsic,	  n-­‐type	  semiconductors.	  	  
	  
In	  a	  basic	  cell	  structure	  of	  TiO2,	  each	  Ti
4+	  ion	  is	  surrounded	  by	  an	  octahedron	  of	  six	  O2-­‐	  ions	  [7].	  
Lattice	  defects	  in	  TiO2	  may	  arise	  due	  to	  the	  loss	  of	  oxygen	  atoms,	  and	  defect	  states	  associated	  
with	  Ti3+	   ions	  appear	  within	  the	  band	  gap	  at	  0.7	  to	  0.8	  eV	  below	  EF.	  Other	  calculations	  on	  TiO2	  
(110)	  surfaces	  have	  predicted	  that	  a	  gap	  does	  not	  exist	  between	  the	  defect	  states	  and	  the	  CB	  
	   142	  
[8],	  and	  that	  the	  defect	  states	  was	  estimated	  to	  lie	  between	  0.7	  to	  1.8	  eV	  above	  the	  VB	  [9].	  So	  
far,	  it	  has	  been	  generally	  agreed	  upon	  that	  the	  defects	  in	  TiO2	  (110)	  are	  represented	  as	  localized	  
states	   at	   Ti	   sites	   next	   to	   the	   oxygen	   vacancies	   and	   defects	   formation	   arises	   from	   the	  
redistribution	   of	   electrons	   to	   previously	   unoccupied	   Ti-­‐3d	   orbitals	   after	   oxygen	   atoms	   haven	  
been	  removed	  [10-­‐12].	  
	  
6.1.1.4 Crystallinity	  and	  Particle	  Size	  Effects	  on	  TiO2	  Photocatalysts	  
There	  are	  a	  combination	  of	  factors	  which	  influences	  the	  production	  and	  lifetime	  of	  electron-­‐hole	  
pairs,	   surface	   adsorption	   and	   desorption	   processes	   and	   surface	   redox	   reactions	   in	  
semiconductor	   TiO2,	   and	   in	   turn,	   its	   photocatalytic	   activity.	   This	   includes	   factors	   such	   as	  
crystallinity	  and	  crystal	  structure	  [13-­‐15],	  particle	  size	  [16,	  17],	  porosity	  [18],	  density	  of	  surface	  
hydroxy	  groups	  [19,	  20],	  and	  preparation	  method	  [21,	  22].	  Amongst	  these,	  the	  crystal	  structure	  
and	   particle	   size	   effect	   of	   TiO2	   are	   two	   factors	   most	   widely	   investigated	   for	   improving	   the	  
photocatalytic	  efficiency	  of	  TiO2.	  	  
	  
A	  significant	  parameter	  of	   influence	  on	  TiO2	  as	  a	  photocatalyst	   is	   its	  crystal	  structure,	  which	   is	  
known	  to	  be	   the	  most	  primitive	  but	  essential	  property	   in	  predicting	   its	  photocatalytic	  activity.	  	  
TiO2	   exists	   in	   three	   stable	   phases:	   amorphous,	   anatase	   and	   rutile,	   in	  which	   TiO2	   anatase	   and	  
rutile	  crystal	  phases	  possess	  photocatalytic	  properties	  [14,	  23].	  TiO2	  photocatalysts	  consisting	  of	  
TiO2	   polymorphs	   of	   anatase	   and	   rutile	   were	   reported	   to	   demonstrate	   a	   higher	   photoactivity	  
than	  either	  of	  its	  individual	  phases.	  It	  was	  rationalised	  that	  the	  higher	  CB	  edge	  of	  TiO2	  anatase	  of	  
0.2	   eV	   allows	   for	   rapid	   interfacial	   electron	   transfer	   from	   TiO2	   anatase	   to	   TiO2	   rutile,	   and	   the	  
energy	   barrier	   between	   both	   phases	   suppresses	   the	   back	   flow	   of	   electrons	   [24-­‐26].	   A	   classic	  
example	  of	  a	  mixed-­‐phase	  TiO2	  is	  the	  commercially	  available	  TiO2	  P25	  (Degussa),	  which	  consists	  
of	  80%	  anatase	  and	  20%	  rutile	  and	  is	  often	  employed	  as	  a	  benchmark	  for	  photocatalysts.	  	  
	  
Particle	  size	  is	  another	  important	  factor	  for	  photocatalysis	  because	  it	  has	  a	  direct	  impact	  on	  the	  
specific	   surface	   area	   of	   the	   catalyst.	   Generally,	   smaller-­‐sized	   particles	  with	   dimensions	   in	   the	  
nanometer	   range	   possess	   higher	   adsorption	   rate	   and	   an	   increased	   in	   the	   number	   of	   active	  
surface	   sites	   for	   reactions,	   for	   which	   it	   increases	   the	   surface	   charge	   carrier	   transfer	   rate	   in	  
photocatalysis	   [27,	  28].	   It	  was,	  however,	   revealed	   that	   the	  photocatalytic	  activity	  of	  TiO2	  does	  
not	   increase	  monotonically	  with	  decreasing	  particle	  size,	  and	  that	   there	  exists	  an	  optimal	  TiO2	  
particle	   size	   for	   which	   further	   decrease	   in	   the	   particle	   size	   does	   not	   contribute	   to	   a	   marked	  
improvement	  in	  its	  photoactivity	  [21,	  29].	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Presently,	   the	   solar	   energy	   conversion	   efficiency	   by	   TiO2	   in	   photocatalytic	   processes	   such	   as	  
water	  splitting	  remains	  low	  mainly	  due	  to	  the	  inability	  of	  TiO2	  to	  utilize	  visible	  light	  [30]	  and	  fast	  
electron-­‐hole	   recombination	   [31].	  Crystalline	  TiO2	  possess	  a	  band	  gap	  of	  approximately	  3.0	   to	  
3.2	  eV,	  suggesting	  that	  it	  is	  only	  able	  to	  utilize	  UV	  light,	  which	  accounts	  for	  only	  approximately	  
4%	  of	   the	  total	   solar	   radiation	  energy.	  Since	  visible	   light	  contributes	   to	  approximately	  50	  %	  of	  
the	   total	   solar	   radiation	   energy,	   the	   solar	   efficiency	   of	   TiO2	   catalysts	   can	   be	   improved	   by	  
extending	  its	  absorption	  range	  into	  visible	  light	  region.	  	  
	  
There	  is	  a	  direct	  competition	  occurring	  between	  the	  recombination	  of	  electrons	  and	  holes,	  and	  
the	   trapping	   of	   the	   electrons	   and	   holes	   for	   surface	   reactions.	   Influenced	   by	   factors	   such	   as	  
increased	  defects,	  size	  and	  shape	  non-­‐uniformities,	  the	  transport	  pathway	  of	  charge	  carriers	  in	  
TiO2	  becomes	   longer,	  which	   implies	   that	   the	  electrons	   spend	  a	   longer	   time	   in	   the	  material	   to	  
undergo	   more	   trapping	   and	   de-­‐trapping	   events	   before	   being	   collected	   at	   the	   surface	   for	  
reactions	  [32].	  An	  example	  is	  seen	  in	  the	  electron	  transport	  in	  mesoporous	  TiO2	  nanocrystalline	  
films,	   which	   was	   found	   to	   be	   102	   to	   103	   times	   slower	   than	   in	   a	   single-­‐crystal	   TiO2	   [33].	  
Additionally,	  increasing	  structural	  porosity	  of	  TiO2	  also	  contributes	  to	  greater	  electron	  transport	  
pathway	  through	  a	  smaller	  number	  of	  inter-­‐particle	  contacts	  [18].	  Therefore	  in	  order	  to	  achieve	  
high	   charge-­‐collection	   efficiencies,	   the	   transport	   rate	   of	   the	   charge	   carriers	   should	   be	  
significantly	  faster	  than	  the	  process	  of	  recombination.	  To	  circumvent	  the	  limitations	  associated	  
with	  photoefficiencies	   and	  electron	   transport,	   chemical	   additives	   (addition	  of	   electron	  donors	  
[34]	  and	  carbonate	   salts	   [35])	   and	  modification	  of	   the	  TiO2	   catalyst	   (noble	  metal	   loading	   [36],	  
metal	  ion	  doping	  [37,	  38],	  anion	  doping	  [39-­‐41],	  dye	  sensitization	  [32,	  42,	  43])	  have	  been	  used	  
to	  promote	  TiO2	  photocatalytic	  activity	  and	  enhance	  visible	  light	  response.	  	  
	  
6.1.1.5 Photocatalytic	  Enhancement	  through	  Noble	  Metal	  Loading	  of	  TiO2	  
	  
One	  of	  modification	  techniques	  used	  in	  overcoming	  the	  limitations	  of	  TiO2	  as	  a	  photocatalysts	  is	  
by	  the	  addition	  of	  noble	  metals	  onto	  the	  surface	  of	  TiO2.	  Noble	  metals	  such	  as	  Pt,	  Au,	  Pd,	  Rh,	  Ru,	  
Ni,	   Cu	   and	   Ag	   have	   been	   reported	   to	   be	   very	   effective	   in	   enhancing	   the	   energetics	   of	   TiO2	  
photocatalysis	  and	  in	  improving	  the	  yield	  of	  a	  product	  through	  changes	  in	  its	  surface	  properties	  
[36,	  42,	  44-­‐47].	  Enhancement	  in	  photoreactivity	  was	  first	  observed	  by	  Sato	  and	  White	  [48]	  using	  
Pt/TiO2	   photocatalysts	   in	   the	  photo-­‐assisted	  decomposition	  of	  H2O.	   The	   addition	  of	  metals	   to	  
TiO2	  has	  also	  been	  shown	  to	  yield	  products	  that	  are	  different	  from	  those	  formed	  by	  catalysis	  on	  
bare	   TiO2.	   For	   example,	  methane	  was	   in	   high	   yield	   in	   the	   decomposition	   of	   liquid	   acetic	   acid	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over	  platinized-­‐TiO2	  photocatalyst	  under	  UV	  light,	  while	  on	  TiO2,	  the	  product	  was	  mostly	  ethane	  
[49].	  
	  
In	  achieving	  marked	  enhancements	  in	  metal-­‐oxide	  photoactivities	  through	  noble	  metal	  loading,	  
several	   reports	   had	   attributed	   the	   enhancement	   effect	   of	   noble	  metals	   to	   the	   presence	   of	   a	  
Schottky	  contact	  between	  the	  metal	  oxide	  and	  metal;	  and	  at	  the	  same	  time,	  have	  also	  directly	  
correlated	   it	   to	   the	   role	   of	   Pt	   in	   acting	   as	   an	   electron	   sink	   [2,	   50-­‐53].	   In	   some	   ways,	   this	  
explanation	  undermines	   the	  concept	  of	  employing	  noble	  metal	   to	  enhance	  TiO2	  photoactivity.	  
While	   a	   Schottky	   junction	   may	   be	   established	   at	   a	   TiO2	   semiconductor-­‐Pt	   metal	   interface	  
characterised	  by	  a	  potential	  drop	  from	  the	  metal	  to	  the	  semiconductor,	  this	  concept	  based	  on	  
the	   Schottky	   barrier	   predicts	   that	   under	   irradiation,	   electron-­‐hole	   separation	   is	   enhanced	   by	  
photo-­‐generated	   holes	   flowing	   to	   the	   Pt	   metal	   and	   the	   accumulation	   of	   photogenerated	  
electrons	   in	   TiO2,	   instead	   of	   a	   transfer	   of	   electrons	   from	   the	   semiconductor	   to	   the	  metal	   as	  
explained	  by	  the	  reports	  as	  mentioned	  earlier	  [54].	  There	  is	  no	  doubt	  of	  the	  role	  Pt	  play	  as	  an	  
electron	  sink	  to	  TiO2	  as	  existing	  reports	  have	  evidently	  demonstrated	  the	  electron	  transfer	  from	  
semiconductors	   to	  metals	   and	   the	   accumulation	  of	   electrons	  on	  Pt	   [55,	   56].	   Therefore	   in	   this	  
section,	  the	  concept	  of	  the	  Schottky	  barrier	  existing	  between	  TiO2/Pt	  will	  be	  introduced	  and	  in	  
particular,	   an	   explanation	   is	   provided	   to	   explain	   how	   noble	   metals	   may	   enhance	   the	  
photoactivity	   of	   TiO2	   through	   the	   understanding	   of	   circumstances	   under	   which	   a	   Schottky	  
junction	   may	   exists	   and	   the	   proposed	   type	   of	   contact	   that	   is	   formed	   between	   a	   n-­‐type	  
semiconductor	  and	  a	  metal	  nanomaterial	  on	  a	  macroscopic	  and	  microscopic	  scale.	  
	  
	  
6.1.1.5.1 Schottky	  Contact	  between	  n-­‐type	  TiO2	  and	  Pt	  
	  
When	  a	  n-­‐type	  TiO2	  semiconductor	  and	  a	  metal	  Pt	  are	  brought	  into	  contact	  with	  each	  other	  at	  
thermal	   equilibrium,	   redistribution	   of	   electric	   charges	   occur	   within	   both	   materials	   as	  
illustrated	  in	  figure	  6-­‐3A.	  This	  happens	  due	  to	  difference	  in	  characteristic	  Fermi	  levels	  (EF)	  and	  
work	   function	   (defined	   by	   the	  minimum	   energy	   an	   electron	  must	   attain	   to	   become	   a	   free	  
electron)	   of	   the	   n-­‐type	   semiconductor	   and	  metal	   (where	   Pt	  metal	   (~5.6	   eV)	   has	   a	   greater	  
work	   function	   than	   that	   of	   TiO2	   semiconductor	   (~4.2	   eV)).	   The	   difference	   in	   Fermi	   levels	  
between	   the	   n-­‐type	   semiconductor	   and	   metal	   causes	   electrons	   from	   the	   n-­‐type	  
semiconductor	  to	  migrate	  to	  the	  metal,	  until	  their	  Fermi	  levels	  align	  to	  establish	  a	  new	  Fermi	  
level,	  EF
’,	  as	  indicated	  in	  figure	  6-­‐3A.	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Due	   to	   induction	   effects,	   the	   charges	   existing	   near	   the	   surfaces	   of	   the	   n-­‐type	   TiO2	  
semiconductor	  and	  Pt	  metal	  oppose	  each	  other,	  where	  positively	  charged	  Ti3+	  surface	  states	  
of	  surface-­‐defective	  TiO2	  are	   found	   localized	  near	   its	  surface,	  and	  a	  high	  density	  of	   induced	  
negative	  charges	   reside	  near	   the	  surface	  of	  Pt.	  An	   intimate	  contact	  between	  TiO2	  and	  Pt	  at	  
thermal	  equilibrium	  produces	  a	  space	  charge	  region,	  characterised	  by	  a	  potential	  difference	  
across	   the	   surfaces	   of	   TiO2	   and	  Pt	   to	   result	   in	   an	   upward	  band	  bending	  of	   TiO2	   CB	   and	  VB	  
toward	   the	   contact	   surface	   of	   Pt.	   This	   space	   charge	   region	   exists	   primarily	  within	   the	   TiO2	  
semiconductor	  and,	  depending	  on	  doping	  distance	  can	  extend	  up	  to	  a	  depth	  of	  100	  µm	  into	  
the	  TiO2	  [57].	  Represented	  by	  a	  potential	  drop	  from	  the	  Pt	  metal	  surface	  in	  contact	  with	  TiO2	  
semiconductor	  to	  the	  interior	  of	  the	  TiO2	  semiconductor,	  an	  electric	  field	  is	  created	  within	  the	  
space	  charge	  region,	  setting	  up	  a	  resistance	  barrier	  commonly	  known	  as	  the	  Schottky	  barrier	  
(figure	  6-­‐4B).	  Due	  to	  the	  presence	  of	  an	  electric	  field	  within	  the	  depleted	  region,	  electrons	  in	  
the	   TiO2	   VB	   are	   driven	   away	   from	   the	   TiO2-­‐Pt	   interface,	   while	   CB	   holes	   are	   transported	  
towards	   the	   TiO2-­‐Pt	   interface.	   This	   mechanism	   thus	   demonstrates	   how	   electron	   and	   hole	  
pairs	  are	  efficiently	  separated,	  and	  that	  the	  Pt	  metal	  does	  not	  act	  as	  an	  electron	  sink	  to	  TiO2	  
since	  the	  Schottky	  barrier	  between	  TiO2	  and	  Pt	  presents	  a	  high	  resistance	  for	  the	  transfer	  of	  
electrons	  from	  TiO2	  to	  Pt.	  	  	  	  	  	  
	  
	  
	  
	  
Figure	  6-­‐3.	  Energy	  level	  diagrams	  of	  n-­‐type	  TiO2	  semiconductor	  (consisting	  of	  lattice	  
imperfections)	  and	  Pt	  metal	  at	  electrical	  and	  thermal	  equilibrium	  illustrating	  A)	  equilibrating	  
of	  Fermi	  levels	  as	  TiO2	  and	  Pt	  are	  brought	  in	  contact	  with	  each	  other,	  and	  B)	  formation	  of	  a	  
space-­‐charge	  layer	  resulting	  from	  a	  potential	  difference	  across	  TiO2	  and	  Pt	  contact	  surfaces,	  
and	  a	  schottky	  barrier	  between	  n-­‐type	  TiO2	  and	  Pt	  which	  creates	  resistance	  for	  electrons	  to	  
travel	  from	  TiO2	  semiconductor	  to	  Pt	  metal	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6.1.1.5.2 Particle	  Size	  Effect	  on	  Schottky	  Barrier	  Formation	  between	  Semiconductor	  and	  
Metal	  	  
	  
As	  discussed	  earlier,	  the	  Schottky	  junction	  formation	  between	  an	  n-­‐type	  semiconductor	  and	  
metals	  reduces	  the	  kinectics	  of	  electron	  injection	  from	  the	  TiO2	  CB	  to	  the	  Pt	  metal,	  which	  is	  
largely	  applicable	  to	  macroscopic	  n-­‐type	  semiconductors	  and	  metals.	  However	  in	  microscopic	  
materials,	   the	   significantly	   smaller	   size	  of	   the	  material	   as	   compared	   to	   the	   thickness	  of	   the	  
depletion	   layer	   may	   account	   for	   the	   absence	   of	   a	   Schottky	   barrier.	   In	   particular,	   this	   was	  
found	   to	   exist	   in	   small	   particles	   such	   as	   quantum	   dots	   (QDs)	   with	   diameters	   of	   <	   15	   nm.	  
Curran	   and	   Lamouche	   [58]	   suggested	   that	   potential	   drop	  within	   very	   small	   semiconductor	  
particles	  of	  10	  to	  15	  nm	  becomes	  limited	  by	  the	  size	  of	  the	  particles.	  It	  was	  pointed	  out	  that	  
that	   although	   a	   space	   charge	   layer	   is	   formed	  within	   the	   small	   semiconductor	   particle,	   the	  
space	  charge	  layer	  is	  extended	  to	  the	  entire	  surface	  of	  the	  semiconductor	  particle,	  such	  that	  
the	  particle	  does	  not	  experience	  an	  appreciable	  electric	  field	  effect	  [58].	  Under	  this	  condition,	  
the	  electric	  field	  strength	  within	  the	  particle	  is	  assumed	  to	  be	  so	  small	  that	  it	  will	  not	  have	  an	  
influence	   on	   the	   carrier	   transport	   of	   the	   semiconductor.	   Evidently,	   it	   was	   found	   under	   UV	  
illumination	  that	  a	  strong	  driving	   force	  exists	   to	   facilitate	  the	  transfer	  of	  electrons	   from	  the	  
metal	   oxide	   (ZnO)	   particles	   of	   5	   nm	   to	   the	   Pt	   islands	   [59].	   Since	   there	   were	   no	  
photogenerated	  electrons	  found	  to	  reside	  on	  the	  QD	  of	  ZnO-­‐Pt	  particle	  during	  illumination,	  a	  
conclusion	  was	  made	  that	  Pt	  is	  an	  efficient	  electron	  sink	  for	  ZnO	  metal	  oxide	  nanoparticles.	  	  	  
	  
Additionally,	  the	  absence	  of	  the	  Schottky	  barrier	  at	  the	  semiconductor-­‐metal	  interface	  in	  the	  
nano-­‐scale	   can	  also	  be	  explained	   in	  view	  of	  donor	  densities	  present	   in	   semiconductor	  QDs.	  
The	  typical	  donor	  densities	  arising	  from	  electron	  donor	  states	  of	  Ti3+	  and	  oxygen	  vacancies	  of	  
synthetic	  macroscopic	  n-­‐type	  TiO2	  (e.g.	  TiO2	  films)	  are	  reported	  to	  be	  in	  the	  order	  range	  of	  10
-­‐
18	  to	  10-­‐20	  cm-­‐3	  [60,	  61].	  Based	  on	  a	  donor	  density	  of	  1020	  cm-­‐3,	  the	  total	  number	  of	  donors	  on	  
each	   QDs	   with	   a	   volume	   of	   approximately	   10-­‐18	   cm3	   (QD	   diameter	   of	   10	   to	   15	   nm)	   is	  
estimated	  to	  be	  in	  the	  order	  of	  1	  to	  102,	  which	  is	  hardly	  significant.	  	  
	  
Furthermore,	   Bardeen	   [57]	   pointed	  out	   that	   the	   condition	   for	   an	   appreciable	   space	   charge	  
layer	  to	  exist	  within	  the	  semiconductor	  requires	  the	  density	  of	  surface	  states	  to	  be	  less	  than	  
1012	   states/cm2,	   which	   further	   supports	   that	   the	   electric	   field	   effect	   within	   the	   QDs	   is	  
negligible.	   Since	   the	   concentration	   of	   surface	   defects	   present	   in	   each	   n-­‐type	   TiO2	   QDs	   is	  
significant	  compared	  to	  those	  of	  macroscopic	  n-­‐type	  TiO2,	  its	  influence	  on	  the	  TiO2	  CB	  and	  VB	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band	  bending	   is	  expected	   to	  be	  negligible,	  which	  hence	  explains	   the	  absence	  of	  a	   Schottky	  
barrier	  between	  TiO2/Pt	  at	  the	  nano-­‐scale.	  
	  
6.1.1.5.3 Effect	  of	  Intrinsic	  Dopant	  Levels	  in	  TiO2	  on	  TiO2-­‐Pt	  Barrier	  Type	  
	  	  
The	  transfer	  of	  photogenerated	  electrons	  from	  the	  metal	  oxide	  to	  the	  metal	  in	  contact	  with	  
the	  metal	   oxide	   is	   not	   just	   seen	   in	   QD	   particles,	   but	   has	   also	   been	   evidently	   reported	   for	  
macroscopic	  metal	  oxide/metal	  materials.	  Turning	  our	  attention	  to	  how	  noble	  metals	  such	  as	  
Pt	  may	  act	  as	  an	  electron	  sink	  for	  semiconductor	  TiO2	  may	  suggest	  an	  absence	  of	  a	  resistance	  
barrier	   at	   the	   TiO2-­‐Pt	   interface.	   To	   simplify	   calculations,	   models	   and	   studies	   performed	   to	  
investigate	  the	  Schottky	  barrier	  are	  largely	  derived	  based	  on	  single-­‐crystalline	  rutile	  [62,	  63]	  
and	  anatase	  TiO2	  [64-­‐66].	  However	  in	  practice,	  a	  large	  proportion	  of	  synthetic	  TiO2	  materials	  
do	   not	   turn	   out	   to	   be	   perfect	   single-­‐crystals.	   Instead,	   they	   often	   consist	   of	   greater	  
imperfections	   in	   lattice	   structures	   and	   higher	   concentrations	   of	   defect	   states,	   which	   may	  
considerably	  alter	  the	  resistivity	  at	  the	  semiconductor-­‐metal	  contact	  [67].	  	  
	  
A	  proposed	  schematic	  diagram,	  figure	  6-­‐4,	  illustrates	  a	  model	  of	  a	  contact	  between	  a	  heavily	  
doped	  n-­‐type	  TiO2	  semiconductor	  and	  Pt	  metal.	  The	  dotted	  line	  in	  figure	  6-­‐4	  represents	  the	  
CB	  and	  VB	  bending	  in	  TiO2	  with	  normal	  doping	  densities	  of	  10
20	  cm-­‐3.	  Compared	  to	  a	  normal	  
doped	  TiO2-­‐Pt	  contact	   (discussed	  earlier	   in	   figure	  6-­‐3),	   the	  CB	  and	  VB	   in	  a	  heavily	  doped	  n-­‐
type	   TiO2	   bends	   steeply	   towards	   the	   contacted	   Pt	   metal	   surface	   due	   to	   the	   presence	   of	  
significantly	   higher	   densities	   of	   oxygen	   vacancies	   and	   Ti3+	   surface	   states	   (>1020	   cm-­‐3)	   at	   the	  
surface	  of	  TiO2	  (figure	  6-­‐4).	  Consequently,	  the	  space-­‐charge	  region	  within	  TiO2	  is	  significantly	  
reduced,	   in	   which	   its	   width	   is	   sufficiently	   thin	   compared	   to	   the	   mean	   free	   path	   of	   a	  
photogenerated	  electron	  in	  the	  CB	  of	  TiO2.	  In	  this	  case,	  the	  resistance	  of	  a	  heavily	  doped	  layer	  
can	  be	  considered	  negligible,	  which	  permits	   the	   flow	  of	  photogenerated	  electrons	   from	  the	  
CB	  of	  TiO2	  to	  Pt	  under	  illumination,	  characteristic	  to	  that	  of	  an	  ohmic	  contact.	  Generally,	  high	  
doping	  levels	  in	  the	  semiconductor	  produces	  ohmic	  metal-­‐semiconductor	  contacts,	  while	  low	  
doping	  levels	  result	  in	  Schottky-­‐like	  contacts	  [54].	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Figure	  6-­‐4.	  Energy	  level	  diagrams	  of	  n-­‐type	  TiO2	  semiconductor	  consisting	  of	  high	  concentration	  
of	  surface	  defects,	  resulting	  an	  Ohmic	  flow	  of	  electrons	  from	  TiO2	  to	  Pt	  metal	  	  
	  
	  
6.2 Literature	  Review	  
Since	  its	  first	  introduction	  by	  Krauetler	  and	  Bard	  [49],	  the	  surface	  platinization	  of	  TiO2	  has	  become	  a	  
popular	  TiO2	  modification	  technique	  because	  of	  it	  enhances	  the	  photocatalytic	  reactions	  of	  TiO2.	  By	  
serving	  as	  an	  electron	  sink,	  the	  presence	  of	  Pt	  on	  TiO2	   is	  generally	  believed	  to	  retard	  fast	  electron-­‐
hole	  recombination	  and	  facilitate	  interfacial	  electron	  transfer	  to	  electron	  acceptors.	  	  
	  
Amongst	  several	  photocatalytic	  reactions	  of	  TiO2/Pt,	  the	  photodegradation	  of	  organic	  pollutants	  on	  
TiO2	  and	  TiO2/Pt	  systems	  has	  been	  widely	  studied,	  as	  TiO2	  and	  TiO2/Pt	  particulates	  are	  known	  to	  be	  
successful	  in	  degrading	  dye	  pollutants	  under	  visible	  light	  irradiation.	  Studies	  so	  far	  have	  shown	  that	  
platinised	  TiO2	  exhibit	  higher	  photoactivity	  as	  compared	  to	  bare	  TiO2	  [50,	  68,	  69],	  and	  that	  there	  are	  
on	  a	  variety	  of	  TiO2/Pt	  systems	  used	   in	  enhancing	  photodecomposition	  of	  organic	  pollutants	  under	  
visible	  light	  and	  UV	  light	  irradiation.	  	  
	  
The	   simplest	   and	   most	   common	   TiO2/Pt	   system	   used	   in	   the	   photodegradation	   study	   of	   organic	  
pollutants	   consists	  of	  Pt	  particles	  deposited	  on	   the	   surface	  of	  TiO2	  powdered	  particles	   [50,	  69-­‐71].	  
For	  example,	  Li	  and	  Li	  [72]	  prepared	  Pt-­‐TiO2	  photocatalysts	  by	  the	  method	  of	  photoreduction,	  which	  
were	   then	   used	   for	   photocatalytic	   oxidation	   of	   aqueous	  methylene	   blue	   (MB)	   and	  methyl	   orange	  
(MO)	  under	  UV	  and	  visible	  light	  irradiation.	  The	  results	  indicated	  that	  Pt-­‐TiO2	  could	  be	  sensitized	  by	  
visible	  light	  and	  that	  the	  highest	  rate	  of	  photocatalytic	  degradation	  of	  MB	  and	  MO	  was	  achieved	  at	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an	  optimal	  content	  of	  0.75	  %	  Pt-­‐TiO2.	  	  By	  employing	  a	  similar	  method	  to	  prepare	  Pt/TiO2	  particles,	  Li	  
and	  co-­‐workers	  [73]	  studied	  the	  mechanisms	  of	  RhB	  degradation	  on	  Pt/TiO2	  particles	  in	  the	  presence	  
of	  electron	  donors,	  and	  revealed	  that	  the	  rate	  of	  RhB	  degradation	  was	  dependent	  on	  the	  adsorption	  
behaviour	  of	  RhB	  on	  Pt/TiO2	  particles.	  
	  
While	  Pt/TiO2	  powder	  systems	  may	  work	  as	  photoocatalysts,	   there	   is	  a	  major	  drawback	  associated	  
with	  their	  nanocomposite	  structure.	   In	  most	  cases,	  Pt	  nanoparticles	  are	  deposited	  onto	  the	  surface	  
of	   TiO2	   as	   isolated	   ‘nano-­‐islands’,	   and	   increasing	   the	  Pt	   loading	  often	  hinders	   surface	   reactions	  on	  
TiO2,	   rendering	   majority	   of	   the	   TiO2	   surface	   unused.	   According	   to	   Xu	   and	   co-­‐workers	   [74]	   who	  
employed	   Pt-­‐TiO2	   core-­‐shell	   nanocomposites	   for	   the	   photodegradation	   of	   RhB,	   Pt-­‐TiO2	   core-­‐shell	  
structure	  are	  better	  photocatalysts	  than	  Pt/TiO2	  powder	  systems	  because	  of	  the	  ability	  to	  control	  the	  
chemical	  and	  colloidal	  stability	  within	  the	  shell	  and	  provide	  a	  three-­‐dimensional	  interaction	  between	  
metal	  Pt	  and	  semiconductor	  TiO2	  for	  effective	  charge	  transfer.	  In	  their	  study,	  it	  was	  revealed	  that	  the	  
Pt-­‐TiO2	   core-­‐shell	   nanocomposites	   possess	   tunable	   photo-­‐reactivity,	   in	   which	   the	   incorporation	   of	  
noble	  metal	   Pt	   core	   into	   the	   shell	   of	   TiO2	   contributed	   to	   the	   enhancement	   of	   TiO2	   photocatalytic	  
activity	  only	  under	  visible	  light	  but	  not	  UV	  light.	  
	  
So	  far,	  the	  study	  of	  one-­‐dimensional	  (1D)	  Pt/TiO2	  photocatalysts	  on	  the	  photodegradation	  of	  organic	  
compounds	   is	   very	   limited.	   Well-­‐aligned	   arrays	   of	   TiO2-­‐Pt	   coaxial	   nanotube	   on	   Ti	   substrate	   were	  
tested	   for	   its	   photoactivity	   on	   phenol	   degradation	   under	   UV	   light	   irradiation	   and	   results	  
demonstrated	  that	  the	  TiO2-­‐Pt	  coaxial	  nanotubes	  exhibited	  a	  significantly	  higher	  photoactivity	  than	  
that	   of	   TiO2	   nanotubes	   [75].	   It	   is	   believed	   that	   the	   marked	   enhancement	   in	   the	   photocatalytic	  
efficiency	   can	   be	   attributed	   mainly	   to	   its	   high	   aspect	   ratio,	   which	   facilitates	   the	   transport	   of	  
photogenerated	  electrons	  to	  the	  conductive	  substrate.	  
	  
In	  this	  chapter,	  we	  report	   for	  the	  first	   time,	  photo-­‐absorption	  studies	  on	  highly	  ordered	  1D	  striped	  
nanorods	   of	   TiO2/Pt	   via	   a	   simple	   photodegradation	   system	   of	   RhB	   under	   visible	   and	   UV	   light.	  
Consisting	   of	   alternating	   segments	   of	   TiO2	   and	   Pt,	   these	   1D	   TiO2/Pt	   nanostructures	   offers	  
convenience	   in	   manipulating	   photocatalytic	   activity	   through	   its	   customizable	   TiO2/Pt	   length	  
segments	  and	  reproducible	  TiO2/Pt	  interfaces.	  By	  being	  able	  to	  control	  the	  chemical	  compositions	  of	  
each	   segment	   and	   the	   reproducibility	   of	   interfaces,	   the	   photoactivities	   of	   the	   1D	   TiO2/Pt	   striped	  
nanorods	  can	  be	  conveniently	  evaluated	  against	  parameters	  such	  as	  the	  length	  segments,	  structural	  
integrity	   and	   number	   of	   TiO2/Pt	   pair	   sites.	   The	   architecture	   of	   the	   1D	   TiO2/Pt	   striped	   nanorods	  
provides	   a	   direct	   demonstration	   of	   TiO2/Pt	   bifunctional	   mechanisms,	   which	   is	   not	   possible	   by	  
alternate	  routes.	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6.3 Material	  Preparation	  and	  Experimental	  Setup	  
	  
6.3.1 Materials	  	  
Rhodamine	   B	   (C28H31ClN2O3,	   Mr=479.02,	   λmax~543	   nm)	   was	   purchased	   from	   Sigma	   Aldrich,	   its	  
structural	  diagram	  is	  in	  figure	  6-­‐5.	  Materials	  used	  for	  the	  synthesis	  of	  TiO2	  and	  TiO2/Pt	  nanorods	  
are	  listed	  in	  chapters	  3	  and	  4.	  All	  reagents	  are	  of	  analytical	  grade	  and	  were	  used	  without	  further	  
purification.	  
	  
	  
	  
Figure	  6-­‐5.	  Structural	  diagram	  of	  Rhodamine	  B	  (C28H31ClN2O3,	  Mr=479.02,	  λmax~543	  nm)	  
	  
	  
6.3.2 General	  Experiment	  Practice	  
	  
The	   photoactivity	   of	   as-­‐prepared	   TiO2	   and	   TiO2/Pt	   nanorods	   was	   studied	   by	   measuring	   the	  
degradation	  rate	  of	  Rhodamine	  B	  solution.	  A	  test	  sample	  consisted	  of	  a	  4	  ml	  cuvette	   filled	  with	  
2.22	  x	  10-­‐6	  M	  of	  aqueous	  RhB	  and	  an	  array	  of	  free-­‐standing	  TiO2	  or	  TiO2/Pt	  nanorods	  of	  area	  6.4	  
cm2	   (synthesized	   according	   to	   the	   procedure	   indicated	   in	   chapters	   4	   and	   5	   and	   AAM	   etched)	  
immersed	  in	  the	  RhB	  solution.	  Further	  details	  and	  illustration	  of	  the	  optical	  setup	  are	  provided	  in	  
chapter	  2,	  section	  2.6.	  	  
	  
Photoresponse	  tests	  were	  all	  performed	  on	  crystalline	  TiO2	  or	  TiO2/Pt	  nanorods,	  unless	  otherwise	  
stated.	  Crystalline	  samples	  were	  achieved	  by	  annealing	  at	  600	  oC	  to	  crystallise	  the	  TiO2	  segments	  
(crystallinity	  of	  TiO2	  shown	  in	  chapter	  4).	  No	  heat	  treatment	  was	  applied	  to	  amorphous	  samples.	  
The	   test	   sample	   is	   then	   placed	   in	   a	   fixed	   position	   from	   a	   solar	   simulator	   irradiation	   source,	   a	  
xenon	  lamp	  (LPS-­‐220,	  Photon	  Technology	  International)	  providing	  a	  constant	  illumination	  of	  26.5	  
µW	  cm-­‐2.	  Measurements	  carried	  out	  under	  a	  combination	  of	  visible	  and	  UV	  irradiation	  (simulating	  
that	   of	   the	   solar	   light)	   required	   an	   Infrared	   (IR)	   Cutoff	   filter	   (T	   >85%,	   480nm-­‐680nm,	   T	   <10%,	  
740nm-­‐1200nm,	  T=	  50%,	  680nm-­‐740nm)	  (Edmund	  Optics	  Ltd)	  positioned	  directly	   in	  front	  of	  the	  
light	  source	  to	  reduce	  heating.	   In	  photoabsorption	  studies	  carried	  out	  under	  solely	  UV	  light,	  the	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300	  nm	  Bandpass	  Interference	  Filter	  (Edmund	  Optics	  Ltd)	  was	  used.	  All	  the	  photoactivities	  of	  the	  
samples	  were	  evaluated	  using	  normalized	  absorbencies	  of	  RhB	  solutions,	  which	  were	  measured	  
using	   a	   UV-­‐VIS	   spectrophotometer	   (Perkin	   Elmer,	   Lambda	   Bio	   10)	   at	   regular	   irradiation	   time	  
intervals	  of	  1	  h.	  	  
	  
Reflectance	   and	   transmittance	   measurements	   were	   performed	   on	   samples	   consisting	   of	  
freestanding	   arrays	   of	   bi-­‐segment	   TiO2/Pt	   nanorods	   by	   employing	   an	   integrating	   sphere	   (Cary	  
5000	   series	   UV-­‐vis-­‐NIR,	   Agilent	   Technologies).	   The	   axis	   lengths	   of	   the	   TiO2/Pt	   nanorods	   were	  
aligned	  at	  180	  o	  to	  the	  light	  source.	  Details	  on	  the	  integrating	  sphere	  measurements	  can	  be	  found	  
in	  chapter	  2,	  section	  2.6.3.	  
	  
6.4 Results	  and	  Discussion	  
	  
6.4.1 Photoactivity	  of	  Amorphous	  and	  Crystalline	  TiO2	  nanorods	  
Figure	   6-­‐6	   shows	   a	   comparison	   in	   the	   spectral	   changes	   of	   RhB	   in	   the	   presence	   of	   an	   array	   of	  
amorphous	   (plots	   i,	   ii)	   and	   crystalline	   (plots	   iii,	   iv)	   TiO2	   nanorods	   of	   length	   3	   µm	   (with	   phase	  
composition	  of	  36	  %	  anatase	  and	  64	  %	  rutile	  as	  determined	   in	  chapter	  4,	  section	  4.8.3.2)	  under	  
irradiation	  of	  UV	  light	  (plot	  i,	  iii),	  as	  well	  as	  under	  both	  visible	  and	  UV	  light	  (wavelength	  >300	  nm)	  
(plot	  ii,	  iv).	  Characterized	  by	  a	  decrease	  in	  the	  absorbance	  at	  approximately	  552	  nm	  over	  a	  period	  
of	  6	  h,	   the	  degradation	  of	  RhB	   in	   the	  presence	  of	  TiO2	  photocatalyst	  provides	  a	  measure	  of	   the	  
TiO2	  photocatalytic	  activity.	  	  
	  
The	   slight	   decrease	   in	   RhB	   absorbance	   after	   exposure	   of	   solution	   to	   amorphous	   TiO2	   in	   (i)	   is	  
attributed	   to	   the	   adsorption	   of	   RhB	   on	   TiO2	   and	   its	   photoactivity	   to	   RhB	   is	   subsequently	  
considered	   to	   be	   negligible.	   Compared	   to	   amorphous	   TiO2	   (i),	   a	   significant	   decrease	   in	   the	  
concentration	   of	   RhB	   is	   observed	   in	   the	   presence	   of	   crystalline	   TiO2	   (ii).	   Similar	   findings	   were	  
demonstrated	   in	  photocatalytic	  studies	  comparing	  the	  effect	  of	  amorphous	  and	  crystalline	  TiO2.	  
Under	   irradiation	   of	   wavelength	   >	   300	   nm,	   the	   photoactivity	   of	   amorphous	   TiO2	   powdered	  
samples	  suspended	  in	  an	  aqueous	  2-­‐propanol	  solution	  was	  found	  to	  be	  negligible,	  as	  opposed	  to	  
that	  anatase	  TiO2,	  which	  showed	  an	  appreciable	  photocatalytic	  activity	  [14].	  Furthermore,	  it	  was	  
observed	  that	  the	  photocatalytic	  effect	  of	  TiO2	  material	   (consisting	  of	  TiO2	  particles	  of	  the	  same	  
size),	  varied	  linearly	  with	  the	  fraction	  of	  anatase	  present	  in	  TiO2	  [14,	  76].	  Generally,	  the	  negligible	  
photocatalytic	  activity	  of	  amorphous	  TiO2	  is	  attributed	  to	  high	  concentration	  of	  surface	  and	  bulk	  
defects	  which	  act	  as	  trap	  sites	  to	  facilitate	  recombination	  of	  e-­‐	  and	  h+	  [77,	  78].	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Under	  irradiation	  with	  both	  UV	  and	  visible	  light,	  a	  similar	  trend	  is	  observed	  for	  amorphous	  (ii)	  and	  
crystalline	  TiO2	  (iv),	  where	  crystalline	  TiO2	  (iv)	  shows	  a	  greater	  decrease	   in	  RhB	  absorbance.	  The	  
extent	  of	  RhB	  degradation	  in	  the	  presence	  of	  amorphous	  TiO2	  (ii)	  under	  a	  combined	  irradiation	  of	  
UV	  and	  visible	   light	   indicates	  the	  presence	  of	  photoactivity	   in	  amorphous	  TiO2	  (ii),	  which	  cannot	  
be	   assumed	   to	  be	  negligible.	   This	   can	  be	  explained	  by	   the	  difference	   in	   the	  mechanism	  of	  RhB	  
degradation	   under	   a	   combination	   of	   UV	   and	   visible	   light	   illumination	   compared	   to	   that	   under	  
irradiation	  of	  only	  UV	  light.	  Unlike	  TiO2,	  RhB	  is	  able	  to	  absorb	  visible	  light	  and	  as	  a	  result	  it	  injects	  
electrons	   into	  the	  CB	  of	  TiO2.	  The	  injected	  electrons	  then	  participate	   in	  the	  reduction	  of	  surface	  
chemisorbed	  oxidants	   (e.g.	  O2)	   to	   subsequently	   produce	   *OH	   radicals,	  which	  ultimately	   lead	   to	  
the	  degradation	  of	  RhB.	  Therefore,	  under	  illumination	  of	  UV	  and	  visible	  light,	  amorphous	  TiO2	  (ii)	  
plays	  the	  role	  of	  a	  mediator	  to	  RhB	  in	  the	  separation	  of	  injected	  electrons	  and	  dye	  cation	  radicals;	  
while	  in	  crystalline	  TiO2	  (iv),	  the	  semiconductor	  act	  as	  both	  photocatalyst	  and	  mediator	  to	  achieve	  
a	  higher	  rate	  of	  RhB	  degradation	  as	  shown	  by	  a	  significant	  decrease	  in	  the	  RhB	  concentration	  (iv)	  
in	  solution.	  
	  
Figure	  6-­‐6.	  Plot	  comparing	  the	  photodegradation	  of	  RhB	  on	  (i)	  TiO2-­‐unannealed	  and	  (iii)	  TiO2-­‐	  
annealed	  under	  UV	  irradiation;	  (ii)	  TiO2-­‐unannealed	  and	  (iv)	  TiO2-­‐annealed	  under	  irradiation	  of	  UV	  
and	  visible	  light	  (λ	  >	  300	  nm).	  All	  4	  samples	  consists	  of	  arrays	  of	  TiO2	  nanorods	  of	  approximately	  3	  
µm	  in	  length.	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6.4.2 Structural	  Modification	  and	  Noble	  Metal	  Loading	  on	  TiO2	  Photoactivity	  
The	  nanostructural	  effects	  of	  TiO2	  were	  examined	  by	  comparing	  the	  rates	  of	  RhB	  degradation	  in	  
the	  presence	  of	  an	  as-­‐synthesized	  TiO2	  film	  (figure	  6-­‐7,	  inset	  a)	  and	  an	  array	  of	  freestanding	  TiO2	  
nanorods	   (figure	   6-­‐7,	   inset	   b)	   under	   irradiation	   at	   wavelengths	   >300	   nm.	   The	   TiO2	   film	   was	  
prepared	   via	   electrodeposition	   onto	   a	   flat	   Ag	   electrode,	   while	   the	   TiO2	   nanorods	   were	  
electrodeposited	  into	  porous	  AAM.	  TiCl3	  precursor	  solution	  of	  the	  same	  composition	  was	  used	  for	  
both	  electrodepositions	  and	  the	  charge	  was	  controlled	  so	  as	  to	  achieve	  the	  same	  amount	  of	  TiO2	  
deposits.	  	  
	  
From	   figure	  6-­‐7,	   it	   is	   seen	   that	   the	  TiO2	  nanorods	  exhibit	   a	  higher	   rate	  of	  RhB	  degradation	  and	  
hence	   a	   higher	   photocatalytic	   activity	   compared	   to	   the	   TiO2	   film.	   There	   are	   two	   reasons	   to	  
suggest	  why	  this	  may	  have	  occurred.	  The	  first	  reason	  may	  be	  attributed	  to	  the	  higher	  aspect	  ratio	  
of	   TiO2	   nanorods	   as	   compared	   to	   that	   of	   bulk	   TiO2,	   which	   is	   able	   to	   accommodate	   higher	  
adsorption	  of	  RhB	  and	  oxidants	  such	  as	  O2	  to	  its	  surface.	  Under	  light	  illumination	  of	  λ	  >	  300	  nm,	  
RhB	   and	   TiO2	   are	   activated	   at	   λ>470	   nm	   and	   λ<380	   nm	   respectively,	   resulting	   in	   two	  
simultaneous	   reaction	   pathways.	   The	   first	   reaction	   involves	   the	   electron	   injection	   by	   activated	  
RhB	   into	   the	   conduction	   band	   (CB)	   of	   TiO2,	   where	   the	   photogenerated	   electron	   reacts	   with	  
adsorbed	   oxidants	   such	   as	   O2	   to	   produce	   oxygen	   radicals	   for	   the	   degradation	   of	   RhB.	  
Concurrently,	  photogenerated	  electrons	   in	  TiO2	  are	  excited	  to	  the	  CB	  of	  TiO2	  and	  are	  scavenged	  
by	  O2	   to	  produce	  O2	   radicals,	  while	   surface	  adsorbed	  OH
-­‐	  or	  H2O	  molecules	  are	  oxidized	  by	   the	  
valence	  holes.	  Since	  both	   reaction	  pathways	   require	   the	  adsorption	  of	  molecules	   (RhB,	  O2,	  OH
-­‐,	  
H2O)	   onto	   the	   surface	   of	   TiO2,	   a	   higher	   surface	   area	   of	   TiO2	   nanorods	   adsorbs	   a	   higher	  
concentration	  of	  molecules,	  which	  enhances	  the	  rate	  of	  RhB	  degradation.	  
	  
The	   second	   reason	   for	   the	   enhanced	   photoactivity	   of	   TiO2	   nanorods	   is	   proposed	   in	   figure	   6-­‐5,	  
where	  the	  high	  specific	  surface	  area	  of	  the	  TiO2	  nanorods	  enables	  decoupling	  of	  the	  directions	  of	  
light	  absorption	  and	  charge	  carrier	  collection	  [79].	  This	  is	  in	  contrast	  to	  the	  planar	  structure	  of	  a	  
TiO2	   film,	   in	  which	   the	  direction	  of	   light	   absorption	   is	   the	   same	  direction	   as	   that	   of	   the	   charge	  
carrier	  collection.	   In	  order	   for	  an	  excited	  charge	  carrier	   that	   is	  photogenerated	  deep	  within	   the	  
TiO2	   film	   to	  migrate	   to	   the	   surface	  of	  TiO2	   film	   for	   reactions,	   the	  diffusion	   length	  of	   the	   charge	  
carrier,	   LD	   should	   be	   greater	   than	   the	   absorption	   length,	   1/α	   (scheme	   A)	   in	   a	   TiO2	   film.	   This	  
constraint,	   however,	   does	   not	   apply	   to	   TiO2	   nanorods,	   as	   its	   unique	   geometry	   provides	   short	  
diffusion	  pathways	   in	   the	   radial	   direction	   for	   charge	   carrier	   (even	  with	   short	   lifetime),	   to	  easily	  
reach	  the	  surface	  of	  TiO2	  for	  reactions	  (scheme	  B).	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Figure	  6-­‐7.	  Photocatalytic	  activity	  comparison	  under	  visible	  and	  UV	  irradiation	  (wavelength	  >300	  
nm)	  of	  (a)	  TiO2	  film	  (b)	  TiO2	  nanorods	  and	  (c)	  bi-­‐segmented	  Pt-­‐TiO2	  nanorods	  based	  on	  the	  
normalized	  RhB	  concentration	  ratio	  C/Co	  as	  a	  function	  of	  irradiation	  time.	  Insets	  (a),	  (b)	  and	  (c)	  
show	  the	  corresponding	  SEM	  images	  of	  the	  respective	  samples.	  	  
	  
	  
	  
	  
Figure	  6-­‐8.	  Schematic	  diagram	  illustrating	  the	  difference	  in	  the	  aspect	  ratio	  of	  A)	  bulk	  TiO2	  and	  B)	  
an	  array	  of	  TiO2	  nanorods	  for	  adsorption	  of	  molecules	  and	  charge	  carrier	  migration	  lengths.	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Besides	   surface	  area,	   efficient	   charge	   separation	  on	  TiO2	  was	   reported	   to	  play	  a	   crucial	   role	   in	  
affecting	  the	  efficiency	  of	  RhB	  photodegradation	  under	  the	  irradiation	  of	  visible	  and	  UV	  light	  (λ	  >	  
300	  nm).	  In	  order	  to	  demonstrate	  this	  effect,	  Pt	  was	  added	  to	  TiO2	  through	  the	  fabrication	  of	  bi-­‐
segment	  Pt-­‐TiO2	  nanocomposite	  structures,	  the	  rate	  of	  RhB	  photodegradation	  in	  the	  presence	  of	  
Pt-­‐TiO2	  nanocomposite	  structures	  were	  compared	  to	  that	  of	  TiO2	  nanorods.	  For	  each	  sample,	  the	  
length	   of	   each	   TiO2	   nanorod	   was	   kept	   approximately	   constant	   at	   3	   µm.	   After	   6	   hours	   of	  
irradiation,	   a	   significantly	   higher	   rate	   of	   RhB	   degradation	  was	   observed	   for	   samples	   of	   Pt-­‐TiO2	  
nanorods	   compared	   to	   bare	   TiO2	   nanorods.	   This	   demonstrates	   that	   the	   bi-­‐segmented	   Pt-­‐TiO2	  
nanorods	   possessed	   a	   significantly	   higher	   photocatalytic	   activity.	   According	   to	   the	   proposed	  
scheme	   in	   figure	   6-­‐9,	   Pt	   acts	   as	   an	   electron	   trap	   to	   facilitate	   electron-­‐hole	   separation	   and	  
subsequent	   electron	   transfer	   to	   the	   adsorbed	   species	   on	   Pt-­‐TiO2	   surface.	   Additionally,	   surface	  
electron	   excitation	   and	   electron-­‐hole	   separation	   may	   also	   be	   enhanced	   through	   visible	   light	  
excitation	  of	   the	   surface	   Plasmon	   resonance	  of	   Pt	  metals	   on	   TiO2	   [80].	  Overall,	   it	   is	   suggested	  
that	  these	  cooperative	  effects	  of	  Pt	  on	  TiO2	  contribute	  to	  the	  observed	  significant	  enhancement	  
in	  TiO2	  photocatalytic	  activity	  under	  a	  combined	  illumination	  of	  visible	  and	  UV	  light.	  
	  
	  
	  
Figure	  6-­‐9.	  Schematic	  diagram	  of	  RhB	  degradation	  on	  A)	  TiO2	  nanorods	  and	  (B)	  bi-­‐segmented	  Pt-­‐
TiO2	  nanorods	  under	  irradiation	  of	  λ	  >	  300	  nm.	  Enhanced	  RhB	  photodegradation	  on	  Pt-­‐TiO2	  
nanorods	  through	  electron-­‐hole	  separation	  and	  surface	  electron	  excitation	  by	  visible	  light	  
excitation	  of	  surface	  Plasmon	  resonance	  of	  Pt	  metals	  on	  TiO2	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6.4.3 Effects	  of	  TiO2	  Length	  Segment	  in	  Bi-­‐segment	  Pt-­‐	  TiO2	  Nanorods	  
As	  was	  discussed	  earlier	  in	  section	  6.4.2,	  increasing	  the	  aspect	  ratio	  of	  TiO2	  photocatalyst	  through	  
structural	   modification	   of	   bulk	   TiO2	   to	   nanostructural	   TiO2	   has	   shown	   advantages	   in	   the	  
enhancement	  of	  TiO2	  photocatalytic	  activity.	  Since	  the	  aspect	  ratio	  of	  the	  TiO2	  photocatalyst	  plays	  
a	   role	   in	   altering	   its	   photocatalytic	   activity,	   it	   is	   of	   interest,	   next,	   to	   see	   how	   varying	   the	   TiO2	  
length	   segment	   of	   each	   bi-­‐segmented	   Pt-­‐TiO2	   nanorods	  may	   affect	   the	   photoactivity	   of	   the	   bi-­‐
segmented	  Pt-­‐TiO2	  nanorods.	  Pt-­‐TiO2	  nanorods	  were	  prepared	  by	  depositing	  Pt	  as	  the	  first	   layer	  
and	  TiO2	  as	  the	  second	  layer,	  into	  the	  pores	  of	  the	  AAM.	  Each	  sample	  is	  presented	  as	  an	  array	  of	  
bi-­‐segmented	   Pt-­‐TiO2	   nanorods	   free-­‐standing	   on	   a	   layer	   of	   sputtered	   Ag	   material.	   Different	  
samples	  of	  Pt-­‐TiO2	  nanorods	  were	  produced	  by	  varying	  the	  TiO2	  length	  segments	  in	  the	  range	  of	  1	  
to	  31	  µm,	  while	  keeping	  the	  length	  of	  the	  Pt	  segments	  constant	  at	  approximately	  3	  µm	  for	  all	  the	  
samples.	  The	  rate	  of	  photodegradation	  of	  RhB	  on	  Pt-­‐TiO2	  nanorod	  samples	  was	  carried	  out	  under	  
visible	   and	   UV	   irradiation	   of	   λ	   >	   300	   nm	   and	   it	   is	   assumed	   that	   the	   photoactivity	   of	   the	   Pt	  
segments	  alone	  are	  negligible.	  	  
	  
Figure	   6-­‐10A	   shows	   the	   relationship	  between	   the	   TiO2	   length	   segment	  of	   bi-­‐segmented	  Pt-­‐TiO2	  
nanorods	  and	   its	  effect	  on	  RhB	  degradation	  represented	  by	  the	  pseudo	  first-­‐order	  reaction	  rate	  
constant,	   k	   (derivation	   of	   k	   in	   appendix	   6.1).	   As	   it	   is	   assumed	   that	   the	   concentration	   of	   other	  
reactants	   are	   large	   compared	   to	   the	   concentration	   of	   RhB	   present	   in	   the	   sample	   solution	   and	  
hence	  remain	  constant	  throughout	  the	  duration	  of	  experiment,	  the	  kinetics	  follow	  a	  pseudo	  first-­‐
order	  reaction	  with	  respect	  to	  only	  the	  concentration	  of	  RhB.	  The	  resultant	  plot	  in	  figure	  6-­‐10A	  is	  
divided	  into	  three	  regions,	  denoted	  by	  I,	  II	  and	  III.	  In	  region	  I,	  the	  rate	  constant,	  k,	  increases	  as	  the	  
length	   of	   the	   segment	   of	   TiO2	   increases	   from	   0	   µm	   (represented	   by	   just	   Pt	   nanorods)	   to	  
approximately	   3.5	  µm.	  As	   the	   length	   of	   the	   segment	   of	   TiO2	   is	   increased	   further	   in	   region	   II,	  k	  
starts	  to	  decrease,	  thereafter	  in	  region	  III,	  k	  plateaus	  at	  an	  approximately	  constant	  value	  for	  TiO2	  
length	  segments	  greater	  than	  approximately	  5.5	  µm.	  	  
	  
A	  schematic	  diagram	  shown	  in	  figure	  6-­‐10B	  proposes	  how	  the	  length	  of	  TiO2	  segments	  may	  affect	  
the	  overall	  photoactivity	  of	  the	  Pt-­‐TiO2	  nanorods.	   It	   is	  proposed	  that	  an	   ‘addition	  effect’	  of	   light	  
absorption	  and	  Pt/TiO2	   interface	  reaction	  contribute	  to	  the	  trend	  as	  observed	  in	  region	  I.	   In	  this	  
region,	  a	  gradual	   increase	  in	  the	  TiO2	  segment	  length	  and	  hence	  TiO2	  surface	  area,	   is	  marked	  by	  
an	   increase	   in	  TiO2	  photoactivity	  via	  higher	  photon	  absorption	  and	  higher	  surface	  adsorption	  of	  
species.	   Additionally,	   there	   is	   sufficient	   light	   reaching	   the	   Pt/TiO2	   interface	   to	   further	   enhance	  
photoactivity	   through	   the	   movement	   of	   photogenerated	   charge	   carriers	   across	   the	   TiO2/Pt	  
interface.	  The	  TiO2	  segment	  length	  of	  approximately	  3.5	  µm	  hence	  represents	  the	  optimal	  length	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for	  which	  highest	  photoactivity	  of	  TiO2	  can	  be	  achieved	  from	  a	  combination	  of	  photon	  absorption	  
and	  interface	  reactions.	  	  
	  
Beyond	   region	   I,	   a	   further	   increase	   in	   the	  TiO2	   segment	   length	   in	   region	   II	   is	   characterized	  by	  a	  
‘competition	  effect’	  which	  takes	  place	  between	  the	  light	  absorbed	  by	  TiO2	  and	  the	  amount	  of	  light	  
reaching	  the	  TiO2/Pt	  interface.	  Increasing	  the	  TiO2	  segment	  length	  within	  region	  II	  may	  be	  able	  to	  
provide	  higher	  surface	  area	  for	  species	  adsorption	  and	  photon	  absorption,	  yet	  this	  also	  suggests	  
less	  light	  reaching	  the	  TiO2/Pt	  interface	  due	  to	  more	  light	  being	  absorbed	  by	  an	  increased	  amount	  
of	  TiO2	  above	  the	   interface.	  Derived	  from	  Lambert’s	   law	  of	  absorption,	  equation	  6B	  provides	  an	  
approximation	   of	   the	   value	   of	   TiO2	   absorption	   coefficient,	   which	   is	   calculated	   to	   be	   2501	   cm
-­‐1	  
based	  on	  an	  extinction	  coefficient	  value	  of	  0.008	  at	  a	  wavelength	  of	  402	  nm	   (provided	   for	  TiO2	  
rutile	  single	  crystals)	  [81].	  	  
	  
Derivative	  of	  the	  Lambert’s	  law	  of	  absorption	  or	  Bouguer’s	  Law:	  
	  
α=	  4πk/λ	  	   (Equation	  6B)	  
where	  α	  is	  the	  absorption	  coefficient,	  	  
	  	  	  	  	  	  	  	  	  	  	  	  k	  is	  the	  extinction	  coefficient,	  
	   	  	  	  	  	  	  	  	  	  λ	  is	  the	  corresponding	  wavelength	  	  
	  
From	   this,	   the	   reciprocal	   value	   of	   the	   absorption	   coefficient	   is	   calculated	   to	   be	   4	   µm,	   which	  
represents	   the	  depth	   (χ)	  at	  which	  the	  energy	  of	   the	   light	  at	  402	  nm	  reduces	  exponentially	  by	  a	  
factor	   of	   e-­‐αχ.	   This	   value	   should	   only	   be	   taken	   as	   a	   reference,	   since	   in	   this	   work,	   the	   TiO2	  
nanostructures	  are	  a	  mixed	  phase	  of	  TiO2	  anatase	  and	  rutile,	  and	  are	  polycrystalline	  in	  nature.	  It	  is	  
suggested	  that	  the	  1/α	  value	  for	  the	  electrodeposited	  material	  in	  this	  study	  is	  approximately	  3.5	  
µm,	  which	  is	  of	  the	  same	  order	  of	  magnitude	  as	  that	  reported	  in	  the	  literature	  for	  single	  crystal	  
TiO2	  rutile.	  
	  
Lastly	   in	   region	   III,	   it	   is	   proposed	   that	   the	   increment	   in	   the	   TiO2	   segment	   length	   of	   the	   Pt-­‐TiO2	  
nanorods	  beyond	  5.5	  µm	  does	  not	  result	  in	  further	  change	  in	  its	  photoactivity.	  This	  may	  firstly	  be	  
due	   to	   the	   fact	   the	   same	   amount	   of	   light	   intensity	   is	   attenuated	   by	   the	   different	   TiO2	   length	  
segments	  along	   the	   length	  of	   the	  nanorod	   (as	  absorption	  coefficient	   values	  are	   independent	  of	  
the	   length	   of	   TiO2	   segments	   in	   the	   case	   for	   length	   segments	   of	   >	   5.5	  µm).	   Additionally,	   as	   the	  
upper	   portion	   of	   the	   nanostructure	   absorbs	   the	  majority	   of	   the	   light,	   a	   ‘shielding	   effect’	   arises	  
from	   the	   longer	   length	   of	   the	   TiO2	   segments,	   resulting	   in	   little	   or	   no	   light	   through	   to	   both	   the	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lower	   section	   and	   interface	   of	   the	   nanorods.	   It	   is	   then	   suggested	   that	   these	   nanorods	   have	  
approximately	  the	  same	  effective	  photocatalytic	  surface	  area,	  and	  that	  the	  photoactivities	  of	  Pt-­‐
TiO2	  nanorods	  consisting	  of	  TiO2	  length	  segments	  of	  >	  5.5	  µm	  would	  be	  similar	  to	  that	  of	  a	  single-­‐
segment	  TiO2	  nanorod	  of	   the	  same	   length	  segment.	  This	   is	  evident	   from	  the	  k	   value	  of	  0.029	  ±	  
0.002	  h-­‐1	  of	  a	  6	  µm	  single-­‐segment	  TiO2	  nanorod,	  which	  corresponds	  well	  with	  the	  expected	  range	  
of	  rate	  constant	  values	  of	  0.008	  to	  0.023	  h-­‐1	  obtained	  in	  figure	  6-­‐10A	  at	  TiO2	  length	  segment	  of	  6	  
µm.	  
	  
	  
	  
	  
Figure	  6-­‐10.	  A)	  Plot	  showing	  the	  relationship	  between	  the	  length	  of	  TiO2	  segment	  in	  bi-­‐
segmented	  Pt-­‐TiO2	  nanorods	  and	  its	  photocatalytic	  activity	  on	  RhB	  degradation	  indicated	  by	  the	  
rate	  constant,	  k.	  The	  dotted	  curve	  serves	  as	  a	  guide	  to	  the	  eye.	  B)	  Schematic	  diagram	  illustrating	  
the	  difference	  in	  light	  absorption	  and	  interface	  reactions	  in	  corresponding	  regions	  I,	  II	  and	  III	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6.4.4 Enhancement	  of	  RhB	  Degradation	  With	  Increased	  Number	  of	  TiO2-­‐Pt	  Interfaces	  
Generally,	  the	  contact	  between	  TiO2	  and	  Pt	  segments,	  defined	  by	  the	  TiO2/Pt	  interface,	  is	  known	  
to	  be	  important	  in	  enhancing	  photocatalysis	  through	  the	  separation	  of	  photogenerated	  electrons	  
and	  holes,	  and	  in	  prolonging	  their	  lifetime.	  To	  investigate	  the	  effect	  of	  the	  number	  of	  interfaces	  of	  
TiO2/Pt	  nanorods	  on	   its	  photoactivity,	  TiO2/Pt	  nanorods	  with	  one	  segment	   (TiO2),	   two	  segments	  
(Pt-­‐TiO2)	  and	  three	  segments	   (TiO2-­‐Pt-­‐TiO2)	  were	  prepared.	  The	  total	   length	  of	  TiO2	  segments	   in	  
each	   sample	   were	   kept	   approximately	   constant	   at	   6	   µm,	   so	   that	   any	   observable	   differences	  
between	  photoactivities	  could	  be	  attributed	  to	  the	  number	  of	  TiO2/Pt	  interfaces.	   	  Photocatalytic	  
studies	  on	  RhB	  degradation	  were	  conducted	  under	  UV	  irradiation.	  	  
	  
A	   comparison	   between	   the	   photodegradation	   of	   RhB	   in	   the	   presence	   of	   single	   TiO2,	   two	  
segmented	  (Pt-­‐TiO2)	  and	  three	  segmented	  (TiO2-­‐Pt-­‐TiO2)	  nanorods	  are	  as	  displayed	  in	  figure	  6-­‐11.	  
Expectedly,	   the	   rate	   of	   RhB	   degradation	   increases	   in	   order	   of	   increasing	   number	   of	   TiO2/Pt	  
interfaces.	   According	   to	   the	   schematic	   diagram	   in	   figure	   6-­‐12,	   the	   enhancement	   of	   RhB	  
degradation	   with	   increasing	   concentration	   of	   TiO2/Pt	   interfaces	   may	   be	   attributed	   to	   a	   more	  
efficient	   reduction	   in	   electron-­‐hole	   recombination	   as	   electrons	   are	   transferred	   to	   the	   reactive	  
sites	   on	   metallic	   Pt.	   This	   allows	   the	   holes	   to	   freely	   diffuse	   to	   the	   TiO2	   surface	   for	   oxidation	  
reactions.	   Increasing	   the	   contact	   between	   TiO2	   and	   Pt	   thereby	   results	   in	   a	   higher	   efficiency	   of	  
electron-­‐hole	   separation,	   which	   in	   turn	   increases	   the	   available	   number	   of	   photogenerated	  
electrons	  and	  holes	  for	  surface	  reactions.	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Figure	  6-­‐11.	  Plot	  reflecting	  the	  effect	  of	  a)	  TiO2,	  b)	  Pt-­‐TiO2,	  and	  c)	  TiO2-­‐Pt-­‐TiO2	  nanorods	  on	  RhB	  
degradation	  rate	  under	  6	  h	  of	  continuous	  UV	  irradiation;	  SEM	  images	  (a),	  (b)	  and	  (c)	  shows	  
corresponding	  nanostructures	  where	  the	  total	  length	  of	  TiO2	  segment	  are	  kept	  approximately	  
constant	  	  
	  
	  
	  
	  
Figure	  6-­‐12.	  Schematic	  diagram	  of	  a)	  TiO2,	  b)	  Pt-­‐TiO2,	  and	  c)	  TiO2-­‐Pt-­‐TiO2	  nanorods	  illustrating	  
the	  effect	  of	  increasing	  number	  of	  TiO2/Pt	  interfaces	  on	  its	  photoactivity	  in	  RhB	  degradation	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6.4.5 Effects	  of	  Orientation	  of	  2	  Segmented	  TiO2-­‐Pt	  Nanorods	  	  
As	  previously	  discussed	  in	  chapter	  5	  (sections	  5.3.3.1.3	  and	  5.3.3.1.4),	  the	  integrity	  of	  the	  TiO2/Pt	  
interface	  is	  affected	  by	  the	  deposition	  order	  of	  material	  (TiO2,	  Pt)	  into	  the	  AAM	  pores,	  whereby	  a	  
sharper	  interface	  was	  achieved	  when	  TiO2	  is	  deposited	  as	  a	  second	  layer	  onto	  a	  first	   layer	  of	  Pt.	  
Despite	   differences	   in	   the	   integrity	   of	   the	   TiO2/Pt	   interface,	   the	   photoactivities	   of	   both	   the	   bi-­‐
segmented	   TiO2/Pt	   nanorods	   shown	   in	   figure	   6-­‐13A	   does	   not	   differ	   significantly.	   A	   detailed	  
comparison	  of	  the	  photoactivities	  of	  TiO2-­‐Pt	  and	  Pt-­‐TiO2	  nanorods	  indicates	  a	  slightly	  higher	  rate	  
constant	  of	  0.053±0.003	  h-­‐1	  for	  Pt-­‐TiO2	  nanorods	  than	  in	  TiO2-­‐Pt	  nanorods	  (k=0.038±0.002	  h
-­‐1	  ).	  	  
	  
	  
	  
Figure	  6-­‐13.	  Rhodamine	  degradation	  on	  Pt-­‐TiO2	  and	  TiO2-­‐Pt	  bi-­‐segmented	  nanorods	  under	  UV	  
irradiation	  at	  A)	  180	  o	  light	  incidence	  and	  B)	  90	  o	  light	  incidence.	  Insets	  show	  schematic	  illustration	  
of	  nanorod	  orientation	  to	  light	  source.	  
	  
There	   are	   two	   possibilities	   to	   explain	   why	   the	   photoactivity	   of	   Pt-­‐TiO2	   bi-­‐segmented	   TiO2	  
nanorods	  appears	  slightly	  higher	  than	  that	  of	  TiO2-­‐Pt	  bi-­‐segmented	  nanorods.	  The	  first	  possibility	  
may	  be	  attributed	  to	  a	  difference	  between	  the	  interfaces	  of	  Pt-­‐TiO2	  bi-­‐segmented	  and	  TiO2-­‐Pt	  bi-­‐
segmented	  nanorods.	  The	  less	  well	  defined	  materals	  interface	  of	  TiO2-­‐Pt	  bi-­‐segmented	  nanorods	  
may	  suggest	  a	  higher	  occurrence	  of	  electron-­‐hole	  recombination	  as	  a	  result	  of	  some	  Pt	  within	  the	  
TiO2	  segments.	  In	  contrast	  to	  this,	  Pt-­‐TiO2	  bi-­‐segmented	  nanorod	  consisting	  of	  a	  sharper	  interface	  
and	  minimal	   diffusion	   of	   Pt	   within	   the	   TiO2	   segments	  would	   favour	   a	   better	   separation	   of	   the	  
photogenerated	  electrons	  and	  holes.	  	  
	  
Secondly,	  the	  orientation	  of	  bi-­‐segment	  nanorods	  to	  the	   incident	   light	  could	  have	  played	  a	  role.	  
Integrating	  sphere	  measurements	  were	  performed	  separately	  on	  the	  same	  samples	  of	  arrays	  of	  
Pt-­‐TiO2	   and	   TiO2-­‐Pt	   bi-­‐segmented	   nanorods	   in	   order	   to	   investigate	   the	   effect	   of	   sample	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orientation	  to	  the	  light	  source.	  The	  two	  samples	  were	  aligned	  at	  180	  o	  to	  the	  incident	  light	  source	  
in	  the	  integrating	  sphere	  as	  indicated	  in	  figure	  6-­‐13A	  (inset),	  which	  is	  similar	  to	  the	  configuration	  
used	   in	   the	   absorption	   studies.	   The	   reflectance	  measurements	   in	   figure	   6-­‐15	   indicates	   that	   the	  
relative	  %	  reflectance	  of	  Pt-­‐TiO2	  bi-­‐segmented	  nanorods	  is	  approximately	  twice	  that	  of	  TiO2-­‐Pt	  bi-­‐
segmented	  nanorods	  in	  the	  wavelength	  range	  of	  300	  nm	  to	  800	  nm.	  Expectedly,	  this	  findings	  are	  
in	  agreement	  with	  the	  physical	  appearances	  of	  samples	  consisting	  of	  an	  array	  of	  Pt-­‐TiO2	  nanorods	  
and	  an	  array	  of	  TiO2-­‐Pt	  nanorods,	  which	  appears	  to	  be	  white	  (indicating	  higher	  reflectance)	  and	  
black	  (indicating	  lower	  reflectance)	  respectively	  to	  the	  naked	  eyes.	  	  
	  
When	  the	  light	  beam	  comes	  into	  contact	  with	  the	  sample	  within	  an	  integrating	  sphere,	  the	  beam	  
may	  be	  considered	  to	  be	  reflected,	  transmitted	  and	  absorbed	  according	  to	  equation	  6C.	  	  
	  
100%	  =	  %	  Reflectance	  +	  %	  Transmittance	  +	  %	  Absorbance	  	   (Equation	  6C)	  
	  
Since	  %	  transmission	  for	  both	  samples	  are	  very	  low	  (<	  5%)	  as	  shown	  in	  figure	  6-­‐15B,	  it	  is	  assumed	  
that	   the	   light	   transmission	   through	   the	   bi-­‐segmented	   nanorods	   is	   almost	   negligible.	   This	   may	  
therefore	  suggest	  that	  a	  lower	  %	  reflectance	  is	  indicative	  of	  a	  higher	  %	  absorption.	  From	  this,	  it	  is	  
proposed	   that	   in	   the	   case	   of	   of	   TiO2-­‐Pt	   bi-­‐segmented	   nanorods,	   a	   higher	   proportion	   of	   light	   is	  
absorbed	   by	   the	   upper	   Pt	   segment	   such	   that	   very	   little	   light	   reaches	   the	   lower	   TiO2	   segment.	  
Conversely,	  having	  greater	  exposure	  to	  the	  light,	  the	  upper	  TiO2	  segments	  of	  Pt-­‐TiO2	  nanorods	  will	  
therefore	  have	  higher	  photo-­‐activation	  under	  irradiation.	  It	  should	  be	  noted	  that	  even	  though	  the	  
%	  reflectance	  of	  Pt-­‐TiO2	  nanorods	  is	  higher	  than	  that	  of	  TiO2-­‐Pt	  nanorods,	  the	  low	  %	  reflectance	  
values	  of	  <	  15	  %	  indicates	  an	  overall	  low	  reflectance	  of	  the	  sample,	  hence	  suggesting	  that	  the	  light	  
absorption	  of	   the	  upper	   TiO2	   segment	  of	   Pt-­‐TiO2	  bi-­‐segment	   is	   still	   relatively	   high.	   Based	  on	   all	  
these,	  the	  overall	  photoactivity	  of	  Pt-­‐TiO2	  bi-­‐segment	  nanorods	  appears	  to	  be	  higher	  than	  that	  of	  
TiO2-­‐Pt	  bi-­‐segmented	  nanorods.	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Figure	  6-­‐14.	  Mounted	  samples	  consisting	  of	  an	  array	  of	  TiO2-­‐Pt	  and	  Pt-­‐TiO2	  freestanding	  
nanorods	  used	  for	  integrating	  sphere	  measurements.	  Angle	  of	  light	  is	  incident	  on	  the	  nanorods	  
at	  180	  o,	  similar	  to	  that	  in	  absorption	  studies.	  
	  
	  
	  
Figure	  6-­‐15.	  Integrating	  sphere	  measurements	  of	  A)	  %	  reflectance	  and	  B)	  %	  transmittance	  of	  
samples	  consisting	  of	  TiO2-­‐Pt	  and	  Pt-­‐TiO2	  bi-­‐segmented	  nanorods.	  %	  Transmittance	  
measurements	  taken	  against	  a	  standard	  consisting	  of	  only	  epoxy	  (used	  as	  a	  support	  for	  TiO2/Pt	  
bi-­‐segmented	  nanorods)	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In	   another	   set	   of	   experiment,	   the	   same	   two	   samples	   consisting	   of	   Pt-­‐TiO2	   and	   TiO2-­‐Pt	   bi-­‐
segmented	   nanorods	   were	   angled	   at	   90	   o	   to	   the	   light	   as	   shown	   in	   figure	   6-­‐13B.	   Ideally,	   by	  
comparing	  between	  the	  two	  setups	  in	  which	  the	  bi-­‐segmented	  nanorods	  are	  angled	  at	  180	  o	  and	  
90	   o	   to	   the	   light	   source,	   the	   latter	   setup	   would	   have	   both	   Pt-­‐TiO2	   and	   TiO2-­‐Pt	   bi-­‐segmented	  
nanorods	  possess	  similar	  photoactivities	  since	  the	  total	  surface	  area	  of	  the	  material	  exposed	  to	  
light	  are	  the	  same	  for	  both	  samples.	  This	  would	  be	  true	  if	  the	  chemical	  compositions	  of	  the	  TiO2	  
and	  Pt	  segments	  are	  the	  same	  for	  both	  Pt-­‐TiO2	  and	  TiO2-­‐Pt	  bi-­‐segmented	  nanorods.	  However,	  
since	  the	  chemical	  compositions	  of	  the	  TiO2	  segments	  are	  clearly	  different	  (owing	  to	  Pt	  diffusion	  
into	  TiO2	  segments	  of	  TiO2-­‐Pt	  nanorods),	  the	  observable	  contrast	  between	  the	  photoactivities	  of	  
the	  Pt-­‐TiO2	  bi-­‐segmented	  and	  TiO2-­‐Pt	  bi-­‐segmented	  nanorods	  may	  hence	  be	  attributed	   to	   the	  
differences	   between	   their	   interfaces.	   In	   figure	   6-­‐13B,	   a	   small	   difference	   is	   seen	   between	   the	  
photoactivities	   of	   Pt-­‐TiO2	   and	   TiO2-­‐Pt	   bi-­‐segmented	   nanorods,	   in	   which	   their	   respective	   first	  
order	  rate	  constants	  are	  0.051	  ±	  0.005	  h-­‐1	  and	  0.048	  ±	  0.003	  h-­‐.	  Therefore	  by	  assuming	  that	  the	  
surface	  areas	  of	  both	  samples	  are	  equally	  exposed	  to	  light,	  it	  is	  concluded	  that	  the	  effect	  of	  the	  
Pt-­‐diffused	   TiO2	   segment	   on	   the	   photoactivity	   of	   TiO2/Pt	   bi-­‐segmented	   nanorods	   is	   hardly	  
significant.	  	  
	  
6.5 Conclusion	  
The	  employment	  of	  a	  simple	  photodegradation	  system	  of	  RhB	  under	  visible	  and	  UV	  illumination	  and	  
the	  comparison	  between	  photo-­‐absorptions	  of	  various	  highly	  ordered	  1D	  striped	  nanorods	  of	  TiO2/Pt	  
have	  revealed	  several	  pertinent	  characteristics	  of	  the	  photoactivities	  of	  the	  TiO2/Pt	  nanostructures.	  	  
Compared	   to	   the	  bulk	   structure	  of	  TiO2,	   an	  array	  of	  TiO2	  nanorods	  have	   shown	   to	  exhibit	  a	  higher	  
photocatalytic	  effect	  on	  RhB	  degradation.	  The	  addition	  of	  a	  Pt	  segment	  to	  the	  TiO2	  nanorods	  further	  
increased	   the	   photoactivity	   of	   TiO2,	   demonstrating	   the	   advantages	   of	   noble	  metals	   as	   an	   electron	  
sink	  to	  facilitate	  electron-­‐hole	  separation	  and	  prolong	  the	   lifetime	  of	  electron-­‐hole	  pairs.	  Enhanced	  
photodegradation	   of	   RhB	   was	   also	   reflected	   in	   the	   increase	   in	   the	   number	   of	   TiO2/Pt	   interfaces,	  
which	  represents	  important	  active	  sites	  for	  TiO2/Pt	  photocatalysis.	  	  	  
	  
Besides	  these,	  an	  interesting	  trend	  in	  the	  photoactivities	  of	  TiO2/Pt	  nanorods	  were	  observed	  as	  the	  
TiO2	   length	   segments	   of	   Pt-­‐TiO2	   nanorods	   were	   varied.	   Three	   different	   regions	   with	   distinct	  
characteristics	  were	  proposed,	  in	  which	  were	  described	  as	  the	  ‘addition	  effect’,	  ‘competition	  effect’	  
and	   ‘shielding	   effect’.	   This	   experiment	   reveals	   the	   interplay	   between	   light	   absorption	   and	   the	  
amount	   of	   light	   reaching	   the	   TiO2/Pt	   interface.	   Additionally,	   differences	   in	   the	   orientation	   of	   bi-­‐
segmented	  TiO2/Pt	  nanorods	  to	  the	  light	  source	  were	  presented,	  which	  may	  serve	  as	  a	  useful	  guide	  
for	  any	  future	  work	  involving	  the	  investigation	  on	  photoactivities	  of	  nanostructure	  arrays	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Chapter	  7: Conclusion	  
	  
7.1. Thesis	  Conclusion	  
In	  this	  thesis,	  the	  aim	  of	  fabricating	  water-­‐splitting	  materials	  consisting	  of	  multi-­‐component	  nanorods	  of	  
TiO2	   and	   Pt	   had	   been	   achieved	   by	   employing	   templated	   electrodeposition	   into	   AAM.	   This	   method	  
facilitates	   the	   preparation	   of	   ordered	   arrays	   of	   multisegmented	   nanorods	   with	   control	   in	   size	   and	  
composition.	  Through	  stepwise	  development	  of	  the	  protocols	  on	  the	  synthesis	  of	  Pt	  nanorods	  and	  TiO2	  
nanorods	  via	   templated	  electrodeposition,	  highly-­‐ordered	  1D	  multi-­‐segmented	  TiO2/Pt	  nanostructures	  
were	  successfully	  prepared	  and	  reported	  for	  the	  first	  time.	  	  
	  
In	   the	   process	   of	   developing	   a	   protocol	   for	   the	   templated	   electrodeposition	   of	   TiO2,	   two	   different	   Ti	  
precursors,	   TiOSO4	   and	   TiCl3	  were	   employed.	   TiO2	   nanorods	  were	   successfully	   fabricated	   from	  TiOSO4	  
precursor	   at	   a	   low	   potential	   	   -­‐1.2	   V	   (vs.	   3	   M	   Ag/AgCl),	   but	   difficulty	   was	   experienced	   in	   using	   this	  
precursor	   to	   deposit	   on	   Pt	   due	   to	   hydrogen	   evolution;	   while	   lowering	   the	   potentiostatic	   voltages	  
resulted	   in	   the	   growth	   of	   TiO2	   nanotubes.	   For	   the	   first	   time,	   detailed	   mechanisms	   of	   the	   respective	  
growth	  of	  TiO2	  nanorods	  and	  nanotubes	  from	  TiOSO4	  were	  reported;	  in	  which	  the	  high	  regeneration	  of	  
NO3-­‐	   species	   occurring	   at	   more	   negative	   deposition	   voltages	   was	   the	   differentiating	   factor	   to	   the	  
formation	  of	  TiO2	  nanorods	  and	  nanotubes.	  
	  
The	  electrodeposition	  mechanism	  by	  which	  TiO2	  is	  formed	  from	  TiOSO4	  and	  TiCl3	  differs	  greatly.	  Despite	  
the	  use	  of	  both	  precursors	  in	  successfully	  fabricating	  highly	  ordered	  TiO2	  nanorods,	  TiCl3	  precursor	  was	  a	  
more	  suitable	  precursor	  for	  the	  fabrication	  of	  multi-­‐segmented	  TiO2/Pt	  nanorods	  because	  it	   involved	  a	  
higher	   deposition	   voltage	   that	   would	   facilitate	   the	   deposition	   of	   TiO2	   on	   Pt.	   A	   protocol	   for	   the	  
electrodeposition	  of	   TiO2	  nanorods	   at	   a	   low	  deposition	   voltage	  of	   -­‐0.1	  V	   (vs.	   3	  M	  Ag/AgCl)	   from	  TiCl3	  
precursor	   was	   established,	   enabling	   the	   synthesize	   TiO2	   nanostructures	   from	   a	   stable	   TiCl3	   solution	  
prepared	  under	  normal	   ambient	   conditions,	   hence	  provides	   the	   flexibility	   and	  ease	   for	   TiCl3	   (which	   is	  
highly	  sensitive	  to	  moisture	  and	  air)	  to	  be	  handled	  even	  without	  an	  argon	  or	  nitrogen	  environment.	  	  
	  
An	   important	   application	   of	   the	   multi-­‐segmented	   TiO2/Pt	   nanorods	   in	   water-­‐splitting	   materials	   was	  
explored	  through	  photo-­‐absorption	  studies	  via	  a	  classic	  photodegradation	  system	  of	  RhB	  under	  visible	  
and	  UV	   light.	   Reported	   for	   the	   first	   time,	   these	   studies	   reveal	   several	   pertinent	   characteristics	   of	   the	  
photoactivities	   of	   the	   TiO2/Pt	   nanostructures,	   where	   the	   nanostructural	   morphology,	   addition	   of	   Pt	  
metal	  and	  TiO2/Pt	  interfaces	  had	  positive	  enhancements	  in	  TiO2	  photoactivity.	  Additionally,	  the	  interplay	  
between	  light	  absorption	  and	  the	  amount	  of	   light	  reaching	  the	  TiO2/Pt	   interface	  was	  revealed	  through	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the	   effects	   of	   varying	   TiO2	   length	   segments	   of	   Pt-­‐TiO2	   nanorods	   on	   the	   photoactivities	   of	   TiO2/Pt	  
nanorods.	  	  
	  
With	  the	  ability	  to	  customize	  TiO2/Pt	  length	  segments	  and	  reproduce	  TiO2/Pt	  interfaces,	  photocatalytic	  
activity	  of	  1D	  TiO2/Pt	  nanostructures	  can	  be	  conveniently	  manipulated	  and	  effectively	  evaluated	  against	  
parameters	  such	  as	  the	  length	  segments,	  structural	   integrity	  and	  number	  of	  TiO2/Pt	  pair	  sites.	  Overall,	  
the	   development	   of	   these	   1D	   multi-­‐segmented	   TiO2/Pt	   nanostructures	   offers	   great	   potential	   as	  
materials	   for	   the	  enhancement	  of	   catalytic	  activities	  and	  as	   incorporation	   into	  water-­‐splitting	  devices.	  
Beyond	  this,	  an	  equally	  compelling	  opportunity	  lie	  in	  the	  use	  of	  these	  TiO2/Pt	  novel	  nanostructures	  for	  
nano-­‐scale	   electronics	   and	   photonics,	   magnetic	   and	   electronic	   building	   blocks,	   and	   bio-­‐sensing	  
applications.	  
	  
7.2. Future	  Directions	  	  
	  
In	  this	  research,	  the	  fabrication	  protocol	  of	  the	  multi-­‐segmented	  TiO2/Pt	  nanostructures	  is	  at	   its	   infant	  
stage,	   suggesting	   that	   there	   lie	   great	   opportunities	   for	   further	   understanding,	   improvement	   and	  
development	  of	  the	  multi-­‐segmented	  TiO2/Pt	  nanostructures	  used	  for	  water-­‐splitting.	  	  
	  
At	   the	  nanoscale,	   several	   improvements	  may	  be	  made	   to	   the	   integrity	   of	   the	  TiO2/Pt	   nanostructures.	  
Presently,	   a	   diffuse	   TiO2-­‐Pt	   interface	  has	   been	   achieved	  due	   to	   the	   slightly	   porous	  nature	  of	   the	   TiO2	  
nanorod,	  which	  allowed	  the	  infiltration	  of	  some	  Pt	   into	  the	  TiO2	  nanostructure.	  Further	  understanding	  
of	  the	  growth	  of	  TiO2	  “particles”	  in	  the	  AAM	  may	  allow	  development	  of	  ways	  to	  increase	  the	  density	  of	  
the	   TiO2	   nanorods	   so	   as	   to	   achieve	   a	   sharper	   TiO2-­‐Pt	   interface,	   thereby	   increasing	   the	   consistency	   of	  
TiO2-­‐Pt	  and	  Pt-­‐TiO2	  interfaces	  along	  the	  length	  of	  each	  multi-­‐segmented	  TiO2/Pt	  nanorod.	  	  	  
	  
Besides	   this,	   the	   architecture	   of	   the	   nanorod	   arrays	   may	   be	   improved	   to	   minimize	   the	   collapse	   of	  
nanorods	   during	   the	   drying	   process.	   This	   improvement	   will	   produce	   a	   more	   accurate	   result	   from	  
employing	   these	  nanorod	  arrays	   for	  photoabsorption	   studies,	   as	   light	   is	  more	  able	   to	   reach	  a	   greater	  
surface	  area	  of	  the	  nanorods	  and	  are	  more	  uniformly	  absorbed	  across	  all	  TiO2/Pt	  nanorod	  samples.	  This	  
will	   in	   turn	   improve	   the	   accuracy	   of	   comparison	  between	   samples	   of	   nanorod	   arrays.	   Surface	   ligands	  
may	   be	   introduced	   to	   “repel”	   individual	   nanorods,	   but	   to	   what	   extent	   will	   it	   affect	   the	   surface	  
adsorption	  and	  light	  absorption	  of	  the	  photocatalytic	  nanorods?	  
	  
In	   addition	   to	   the	   proposed	   method	   of	   employing	   nanorod	   arrays	   in	   photoabsorption	   studies,	   free	  
TiO2/Pt	   nanorods	   can	   be	   suspended	   in	   RhB	   solution	   in	   an	   alternative	   setup.	   This	   may	   entail	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encapsulating	  free	  TiO2/Pt	  nanorods	  in	  a	  semi-­‐permeable	  “bag”,	  which	  functions	  to	  allow	  light	  through,	  
facilitates	   the	  exchange	  of	  RhB	  molecules	   and	   catalysed	  products,	   and	  at	   the	   same	   time,	  prevent	   the	  
loss	  of	  photocatalytic	  nanorods	  due	  to	  washing	  processes	  as	  samples	  of	  RhB	  solution	  is	  being	  withdrawn	  
for	  absorption	  measurements.	  
	  
The	   synthetic	   procedures	   involving	   the	   repeat	   electrodeposition	   to	   achieve	   a	   multi-­‐segmented	  
nanostructure	   consisting	   of	   a	   few	   segment	   layers	   is	   feasible	   and	   simple,	   but	   can	   be	   highly	   time-­‐
consuming	  and	  cumbersome	  as	  the	  number	  of	  required	  segments	  increases.	  In	  this	  case,	  an	  automated	  
system	   would	   be	   useful	   in	   facilitating	   the	   exchange	   of	   electrolyte	   solution	   in	   and	   out	   of	   the	   cell	   to	  
achieve	  multiple	   segments	   consisting	   of	   the	   desired	  material	   compositions,	   rinsing	   of	   the	   cell,	   etc.	   In	  
another	   case,	   a	   “tipping”	   device	   could	   also	   be	   employed	   for	   the	   batch	   addition	   of	   powder	   hydrogen	  
carbonate	  to	  the	  aqueous	  solution	  in	  the	  preparation	  of	  the	  TiCl3	  precursor	  bath	  solution,	  thus	  ensuring	  
consistency	   in	  the	  amount	  of	  powder	  hydrogen	  carbonate	  added	   in	  each	  batch	  and	  the	  time	   intervals	  
between	  each	  batch	  addition.	  
	  
Above	  all,	   it	   is	  of	   interest	  to	  quantify	  the	  photocatalytic	  efficiency	  of	  the	  as-­‐prepared	  multi-­‐segmented	  
TiO2/Pt	  nanorods	  for	  hydrogen	  production	  based	  on	  the	  irradiated	  energy.	  This	  can	  be	  conducted	  via	  a	  
simple	   setup	   involving	   a	   Plexigas	   cell	   or	   through	   design	   of	   a	   pilot-­‐scale	   light-­‐irradiated	   fluidized	   bed	  
photoreactor,	   both	   of	   which	   are	   presently	   used	   in	   the	   testing	   for	   photocatalytic	   materials	   and	   their	  
functional	  designs	  are	  under	  constant	  improvements.	  
	  
With	  continuous	  research	  and	  development	  on	  new	  photocatalysts	  materials,	  there	  is	  promise	  and	  hope	  
in	   the	   advancements	  of	   this	   “green”	   technology	   towards	   realizing	   the	   “dream	   reaction”	   for	   hydrogen	  
evolution-­‐	   the	  ability	   to	  harness	  hydrogen	  production	   from	  water	  and	   sunlight	  on	  a	   larger	   scale,	   thus	  
eventually	   replacing	   the	  production	  of	  hydrogen	  through	  petrochemical	   routes;	  and	  the	  generation	  of	  
power	  from	  the	  produced	  hydrogen.	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Appendix	  
	  
Appendix	  3-­‐1:	  Derivation	  of	  graph	  and	  error	  bars	  in	  figure	  3-­‐3	  
	  
From	  current-­‐time	  plot,	  total	  charge	  passed=	  area	  under	  I-­‐t	  graph	  
Total	  no.	  of	  moles	  of	  deposited	  specie,	  N=	  Q/zF	  
Total	  mass	  of	  species	  deposited,	  m=	  N*Mr	  
Assume	  109	  to	  1011	  pores/cm2,	  
Total	  no.	  of	  nanorods,	  n	  =	  Area	  of	  AAM	  used	  for	  deposition	  *	  109-­‐1011	  nanorods.cm-­‐2	  
Mass	  of	  1	  nanorod,	  m1=	  m/n	  
Based	   on	   derivation	   of	   Faraday’s	   law	   of	   electrodeposition,	   theoretical	   length	   of	   nanorod,	  
L=4QM/Fzρπd2	  
	  
1. At	  each	  applied	  voltage	  of	  -­‐0.1	  V,	  -­‐0.2	  V,	  -­‐0.3	  V,	  -­‐0.4	  V	  and	  -­‐0.5	  V,	  theoretical	  lengths	  of	  Pt,	  L	  are	  
calculated	  from	  the	  equations	  presented	  above.	  	  	  
	  
e.g.	  At	  applied	  voltage	  of	  -­‐0.1	  V	  	  
-­‐According	  to	  current-­‐time	  plot	  in	  figure	  3-­‐4A,	  total	  charge	  passed	  for	  deposition	  of	  Pt	  (iii)	  =	  area	  
under	  I-­‐t	  graph=	  1.49	  C	  
-­‐Density	  of	  Pt=21.	  45	  g	  cm-­‐3	  
Assume	  no.	  of	  pores/cm2=109,	  area	  of	  deposition=0.79	  cm2	  
	  
Theoretical	  length	  of	  1	  Pt	  nanorod	  =	  4.44*10-­‐15/	  (7.86*10-­‐15)=5.65	  µm	  
	  
2. Actual	  length	  of	  Pt	  measured	  from	  figure	  3-­‐3A	  (averaged	  over	  20	  Pt	  nanorods)	  =	  1.46	  µm	  
3. Corresponding	  standard	  deviation	  (95%	  Confidence	  Interval)	  (over	  20	  Pt	  nanorods)=	  0.10	  µm	  and	  
represents	  the	  error	  bar	  shown	  in	  figure	  3-­‐3.	  
4. %	  Charge	  efficiencies	  =	  Actual	  Pt	  length/	  Theoretical	  Pt	  length	  =	  1.46/5.65	  =	  26.0	  %	  
5. Similarly,	  values	  of	  actual	  length	  of	  Pt	  and	  %	  charge	  efficiencies	  at	  -­‐0.2	  V,	  -­‐0.3	  V,	  -­‐0.4	  V	  and	  -­‐0.5	  V	  
are	  obtained	  by	  repeating	  steps	  1-­‐4.	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  Appendix	  3-­‐2:	  ‘Life-­‐time’	  calculation	  of	  [PtCl6
2-­‐]	  precursor	  solution	  	  
	  
	  
	  
	  
Appendix	  4-­‐1:	  Derivation	  of	  plot	  and	  error	  bars	  in	  figure	  4-­‐3	  
	   	  
From	  current-­‐time	  plot,	  total	  charge	  passed=	  area	  under	  I-­‐t	  graph	  
Total	  no.	  of	  moles	  of	  deposited	  specie,	  N=	  Q/zF	  
Total	  mass	  of	  species	  deposited,	  m=	  N*Mr	  
Assume	  109	  to	  1011	  pores/cm2,	  
Total	  no.	  of	  nanorods,	  n	  =	  Area	  of	  AAM	  used	  for	  deposition	  *	  109-­‐1011	  nanorods.cm-­‐2	  
Mass	  of	  1	  nanorod,	  m1=	  m/n	  
Based	   on	   derivation	   of	   Faraday’s	   law	   of	   electrodeposition,	   theoretical	   length	   of	   nanorod,	  
L=4QM/Fzρπd2	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1. At	   each	   deposition	   time	   of	   1	   h,	   2	   h,	   3	   h	   and	   5h,	   theoretical	   lengths	   of	   TiO2	   (deposited	   from	  
TiOSO4	  precursor),	  L	  are	  calculated	  from	  the	  equations	  presented	  above.	  
	  
e.g.	  For	  TiO2	  deposition	  time	  of	  1	  h	  
-­‐According	  to	  current-­‐time	  plot	   in	  figure	  4-­‐4A,	  total	  charge	  passed	  for	  deposition	  of	  TiO2	  =	  area	  
under	  I-­‐t	  graph=	  3.14	  C	  
-­‐Density	  of	  TiO2	  =	  4.23	  g	  cm
-­‐3	  
-­‐Assume	  no.	  of	  pores/cm2=1011,	  area	  of	  deposition=0.79	  cm2	  
	  
-­‐Theoretical	  length	  of	  1	  TiO2	  nanorod	  =	  14.67	  µm	  
	  
2. Actual	   length	  of	  TiO2	  nanorod	  measured	   from	  figure	  4-­‐3a	   (averaged	  over	  100	  TiO2	  nanorods)=	  
9.30	  µm	  
3. Corresponding	   standard	   deviation	   (95%	   Confidence	   Interval)	   (averaged	   over	   100	   TiO2	  
nanorods)=	  	  2.21	  µm	  and	  represents	  the	  error	  bar	  shown	  in	  plot	  (i)	  figure	  4-­‐3.	  
4. Similarly,	  values	  of	  length	  of	  Pt	  at	  2	  h,	  3	  h	  and	  5	  h	  are	  obtained	  by	  repeating	  steps	  1-­‐7.	  	  
	  
Appendix	  4-­‐2:	  Derivation	  of	  plot	  and	  error	  bars	  in	  figure	  4-­‐3	  
	  
From	  current-­‐time	  plot,	  total	  charge	  passed=	  area	  under	  I-­‐t	  graph	  
Total	  no.	  of	  moles	  of	  deposited	  specie,	  N=	  Q/zF	  
Total	  mass	  of	  species	  deposited,	  m=	  N*Mr	  
Assume	  109	  to	  1011	  pores/cm2,	  
Total	  no.	  of	  nanorods,	  n	  =	  Area	  of	  AAM	  used	  for	  deposition	  *	  109-­‐1011	  nanorods.cm-­‐2	  
Mass	  of	  1	  nanorod,	  m1=	  m/n	  
Based	   on	   derivation	   of	   Faraday’s	   law	   of	   electrodeposition,	   theoretical	   length	   of	   nanorod,	  
L=4QM/Fzρπd2	  
	  
1. At	  each	  varying	  charge	  of	  0.93	  C,	  2.77	  C,	  3.31	  C	  and	  6.36	  C	  passed,	   theoretical	   lengths	  of	  TiO2	  
(deposited	  from	  TiCl3	  precursor),	  L	  are	  calculated	  from	  the	  equations	  presented	  above.	  
	  
	  
E.g.	  for	  TiO2	  deposition	  time	  of	  0.93	  C	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-­‐According	  to	  current-­‐time	  plot	  in	  figure	  4-­‐14A,	  total	  charge	  passed	  for	  deposition	  of	  TiO2	  =	  area	  
under	  I-­‐t	  graph=	  0.93	  C	  
-­‐Density	  of	  TiO2	  =	  4.23	  g	  cm
-­‐3	  
-­‐Assume	  no.	  of	  pores/cm2=1010,	  area	  of	  deposition=0.79	  cm2	  
	  
-­‐Theoretical	  length	  of	  1	  TiO2	  nanorod	  =	  2.32	  µm	  
	  
2. Actual	   length	  of	  TiO2	  nanorod	  measured	   from	  figure	  4-­‐3a	   (averaged	  over	  100	  TiO2	  nanorods)=	  
1.52	  µm	  
3. Corresponding	  standard	  deviation	  (95%	  Confidence	  Interval)	  (averaged	  over	  100	  TiO2	  nanorods)	  
=	  0.16	  µm	  and	  is	  represented	  by	  the	  error	  bar	  shown	  in	  plot	  (i)	  figure	  4-­‐3.	  
4. Similarly,	  values	  of	  length	  of	  Pt	  at	  2.77	  C,	  3.31	  C	  and	  6.36	  C	  are	  obtained	  by	  repeating	  steps	  1-­‐3.	  	  
	  
	  
	  
Appendix	  5-­‐1:	  	  Estimation	  of	  %	  Pt	  in	  TiO2	  segment	  of	  Pt-­‐TiO2-­‐Pt	  nanorod	  system	  
	  
From	  current-­‐time	  plot,	  total	  charge	  passed=	  area	  under	  I-­‐t	  graph	  
Total	  no.	  of	  moles	  of	  deposited	  specie,	  N=	  Q/zF	  
Total	  mass	  of	  species	  deposited,	  m=	  N*Mr	  
Assume	  109	  to	  1011	  pores/cm2,	  
Total	  no.	  of	  nanorods,	  n	  =	  Area	  of	  AAM	  used	  for	  deposition	  *	  109-­‐1011	  nanorods.cm-­‐2	  
Mass	  of	  1	  nanorod,	  m1=	  m/n	  
Based	   on	   derivation	   of	   Faraday’s	   law	   of	   electrodeposition,	   theoretical	   length	   of	   nanorod,	  
L=4QM/Fzρπd2	  
	  
1. Theoretical	  length	  of	  Pt,	  L	  calculated	  from	  the	  equations	  above.	  	  
	  
-­‐According	  to	  current-­‐time	  plot	  in	  figure	  5-­‐7,	  total	  charge	  passed	  for	  deposition	  of	  Pt	  (iii)	  =	  area	  
under	  I-­‐t	  graph=	  1.43	  C	  
-­‐Density	  of	  Pt	  =	  21.45	  g	  cm-­‐3	  
-­‐Assume	  no.	  of	  pores/cm2=10	  9,	  area	  of	  deposition=0.79	  cm2	  
-­‐Theoretical	  length	  of	  1	  Pt	  nanorod	  =	  4.26*10-­‐14/	  (7.86*10-­‐15)	  =5.42	  µm	  
	  
2. Based	  on	  33.2%	  charge	  efficiency	  of	  Pt	  deposition,	  expected	  length	  of	  Pt	  =	  33.2%*5.42	  =	  1.80	  µm	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3. Actual	  length	  of	  Pt	  (iii)	  as	  shown	  in	  figure	  5-­‐7A	  (averaged	  over	  20	  Pt	  nanorods)	  =	  1.71	  ±	  0.13	  µm	  
4. Difference	  in	  expected	  and	  actual	  length	  of	  Pt	  ≈	  0.088	  µm	  
5. %	  Pt	  (iii)	  in	  TiO2-­‐(ii)	  segment	  ≈	  5	  %	  
	  
	  
	  
Appendix	  6-­‐1:	  Derivation	  of	  rate	  constant,	  k	  	  
	  
Rate	  constants,	  k	  in	  this	  chapter	  are	  derived	  by	  the	  following	  steps:	  
	  
1. Data	  for	  absorbance	  values	  from	  0	  to	  5.5	  h	  are	  taken	  with	  respect	  to	  peak	  values	  from	  respective	  
absorption	  spectrum	  as	  indicated	  in	  figure	  A.	  	  
	  
Figure	  A:	  Absorption	  spectra	  for	  RhB	  degradation	  on	  Pt-­‐TiO2	  bi-­‐segment	  nanorods	  with	  TiO2	  length	  
segment	  of	  3.5	  µm	  
	  
	  
2. Absorbance	  values	  are	  normalized	   to	  1	  by	  dividing	   respective	  absorbance	  by	   initial	  absorbance	  
value	  presented	  at	  0	  h.	  	  
3. Assuming	  RhB	  degradation	  to	  be	  of	  first-­‐order	  reaction,	  expressed	  by	  the	  following	  exponential	  
decay	  equation	  A1:	  	  
	  
A	  =	  AO	  e
-­‐kt	   	   (Equation	  A1)	  
Where	  A	  =	  absorbance	  at	  a	  particular	  time	  of	  measurement	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Ao	  =	  Initial	  absorbance	  at	  0	  h	  
k	  =	  rate	  constant	  of	  RhB	  degradation	  under	  illumination	  
t=	  time	  duration	  of	  RhB	  degradation	  	  
	  
4. Integrating	  first-­‐order	  rate	  equation	  A1,	  
ln	  [A]	  =	  -­‐	  k	  t	  +	  ln	  [Ao]	   (Equation	  A2)	  
	  
5. ln	  [A]	  is	  plotted	  against	  t	  to	  give	  a	  best	  fit	  line	  where	  the	  rate	  constant,	  k	  can	  be	  obtained	  from	  
the	  slope	  of	  the	  linear	  graph	  
	  
Table	  A:	  Conversion	  of	  normalized	  absorbance	  values	  obtained	  from	  absorption	  spectra	  to	  
ln[C]	  	  
	  
	  
	  
6. Standard	   errors	   of	   k	   are	   generated	   by	   the	   Origin	   software	   (data	   shown	   in	   figure	   B)	   and	   are	  
represented	  in	  the	  y-­‐axis	  error	  bars	  in	  figure	  6-­‐10,	  section	  6.4.3.	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Figure	  B.	  Linear	  plot	  (best	  fit)	  of	  ln	  [A]	  against	  time	  duration	  of	  RhB	  degradation.	  Details	  of	  plot	  are	  
generated	  using	  the	  Origin	  software	  
	  
